
I 
I 
I 
I 
I 
1 
I 

I 
I 
I 
I 
I 
I 
1 
I 

ELECTRO=OPTlCAL SYSTEMS, IN C. 9 Pasadena, California 

A Subsidiary of the Corporation 

XEROX 

__c_c__c_--- 



HYDROGEN -OXYGEN ELECTROLYTIC REGENERATIVE FUEL CELLS 

Prepared  fo r  

N a t i o n a l  Aeronaut ics  and Space Admin i s t r a t ion  
Lewis Research Center  
21000 Brookpark Road 
Cleveland 35, Ohio 
At tn :  D.  G. S o l t i s  

Con t rac t  NAS 3-2781 

EOS Report  4110-24-1 

Prepared by 

Harvey h a n k  
P r o j e c t  Superv isor  

Approved by: 

Manager 
Chemical and Flu id  Systems 

ELECTRO-OPTICAL SYSTEMS, INC . 

26 J u l y ,  1964 

Energy Conversion D i v .  

Pasadena,  C a l i f o r n i a  



TABLE OF CONTENTS 

1. I n t r o d u c t i o n  

2 .  Summary 

3 .  Technica l  D i scuss ion  

3 .1  Desc r ip t ion  o f  Fuel  C e l l  

3.2 Tes t  and Evalua t ion  

3.2 .1  Inspec  t i o n  and Proof T e s t i n g  

3.2.2 Assembly and S t a r t  Up 

3.2.3 Cycle Tests  

3.2.3.1 Run No. 1 

3.2.3.2 Run No. 2 

3.2.3.3 Run No. 3 

3.2.3.4 Run No. 4 
3.2.3.5 In t e r im  Review 

3.2.3.6 Modif ica t ions  and Leak 
Tes t ing  

3.2.3.7 Run No. 5 

3.2.3.8 Run No. 6 

3.2.3.9 Run N o .  7 

3.2.3.10 Run No. 8 

3.2.3.11 Run No. 9 

3.2.3.12 Run No. 10 

3.2.3.13 Run No. 11 

3.2.3.14 Run N o .  1 2  

3.2.3.15 Run No. 13 

3.3 Permeab i l i t y  S tud ie s  

3.3.1 Procedure 

3.3.2 R e s u l t s  and Di scuss ion  

4 .  Analys i s  o f  R e s u l t s  

4.1 Asbes tos  Type Requirements 

4.2 Asbes tos  Compression Requirements 

4 .3  E l e c t r o l y t e  Requirements 

4 110 -24 - 1 i 

Pane 

1 

2 

3 

3 

8 

8 

9 

10 

10 

14 

15 
17  

17 

18 

19 

20 

20 

24 

25 

26 

31 

31  

33 

39 

39 

41 

4 5  

4 5  

46  

46 



4.4 Gas P o r t  Requirements 

4.5 Separa tor  Sea l  Requirement s 

4.6 Opera t iona l  Procedures  

5 .  Conclusions 

6 .  Plans f o r  the  Next Quarter  

47 

47 

47 

49 

50 

4 110 -24 - 1 ii 



Fig .  1 

Fig.  2 

Fig.  3 

Fig .  4 

Fig .  5 

F ig .  6 

F i g .  7 

Fig.  8 

Fig.  9 

F ig .  10 

Fig.  11 

F ig .  12 

F i g .  13 

F i g .  14 

F ig .  15 

Fig; 16 

F i g .  1 7  

Fig.  18 

F ig .  19 

F ig .  20 

F ig .  2 1  

F ig .  22 

F ig .  23 

F ig .  24 

Fig.  25 

4 110 -24 - 1 

LIST OF ILLUSTRATIONS 

Pane 

Fuel  c e l l  assembly 4 

Fuel  C e l l  Assembly 5 

E l e c t r o d e  and Separa tor  o f  Assembly 7 

E l e c t r i c a l  Performance i n  Run No. 7 22 

I n t e r n a l  Temperature i n  Run No. 7 22 

Fuel  C e l l  Assembly P a r t i a l l y  Disassembled 6 

Fuel  C e l l  A f t e r  Typica l  I n t e r n a l  I g n i t i o n  23 

Performance o f  Unit  i n  Run No. 10 
I t  I1 II ll 

I 1  I 1  II I t  

I t  II I 1  II 

11 I 1  11 I 1  

II II 11 11 

I 1  I 1  II I t  

Performance o f  Unit  i n  Run No. 13 
11 I t  I 1  11 

Fuel  C e l l  i n  Test  Chamber A f t e r  Explosion 

Oxygen End P l a t e  A f t e r  Explosion 

28 

28 

29 

29 

30 

30 

30 

.34 

9 1. J-t 

35 

36 

G a s  Tanks A f t e r  Explosion 37 

E l e c t r o d e  Separa tor  Assembly A f t e r  Explosion 38 

P e r m e a b i l i t y  of  .020" Thick Asbes tos  43 

P e r m e a b i l i t y  o f  .035" Thick Asbes tos  

P e r m e a b i l i t y  of  .060" Thick Asbes tos  44 

43 

P e r m e a b i l i t y  o f  O r i g i n a l  and E l e c t r o l y t i c  

E f f e c t  o f  E l e c t r o l y t e  Content  on 

Grade Asbestos  44 

P e r m e a b i l i t y  of .035" Thick Asbestos  44 

iii 



1. INTRODUCTION 

One of t h e  promising concepts f o r  advancing t h e  technology of  

e l ec t rochemica l  energy s to rage  d e v i c e s  i s  t h e  e l e c t r o l y t i c a l l y  

r e g e n e r a t i v e  f u e l  ce l l .  I n  order  t o  deve lop  t h i s  concept  i n t o  

useab le  hardware f o r  o r b i t a l  and i n t e r p l a n e t a r y  space a p p l i c a t i o n s  , 
E l e c t r o - o p t i c a l  Systems, Inc . ,  h a s  been conduct ing  a r e s e a r c h  and 

development program t o  d e f i n e  t h e  d e s i g n  and o p e r a t i o n a l  parameters  

and t h e  problem a r e a s  involved. Th i s  e f f o r t  h a s  been conducted under 

t h e  sponsorsh ip  and t e c h n i c a l  d i r e c t i o n  o f  t h e  Space Power Systems 

O f f i c e ,  L e w i s  Research C e n t e r ,  Na t iona l  Aeronau t i c s  and Space 

A d m i n i s t r a t i o n  (Con t rac t  NAS 3-2781) . 
A s  i n i t i a l l y  conceived, the f i r s t  phase o f  t h e  development program 

w a s  d iv ided  i n t o  t h r e e  t a s k s .  The f i r s t  t a s k  was a n  a n a l y t i c a l  

i n v e s t i g a t i o n  o f  a complete vower package including 8 S L l i C G i i  solar 

c e l l  power sou rce ,  a hydrogenloxygen f u e l  c e l l ,  power c o n d i t i o n e r  and 

r e q u i r e d  a c c e s s o r i e s .  Both component and t o t a l  system we igh t s  were 

c a l c u l a t e d  a s  a func t ion  of o r b i t a l  a l t i t u d e  and power l e v e l .  The 

second t a s k  involved t h e  des ign  and f a b r i c a t i o n  o f  a m u l t i c e l l ,  75 
w a t t  dev ice  s u i t a b l e  f o r  s c a l e  up t o  h i g h e r  v o l t a g e  l e v e l s .  The t h i r d  

t a s k  c o n s i s t s  of the t e s t i n g  and expe r imen ta l  e v a l u a t i o n  of  t h e  c e l l  

i n  o r d e r  t o  de te rmine  i t s  o p e r a t i o n a l  characteristics. 

. .  

This  r e p o r t  p r e s e n t s  t h e  r e s u l t s  o f  t h e  tes t  program performed 
<. 

under  t h e  t h i r d  t a s k  d u r i n g  the  per iod  January 18, 1964 through June  30, 

1964. 
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2. SUMMARY 

A s i x  c e l l  r e g e n e r a t i v e  f u e l  c e l l  w a s  b u i l t  and t e s t e d  du r ing  

t h i s  r e p o r t  per iod .  Opera t iona l  parameters  and c e l l  des ign  f e a t u r e s  

a f f e c t i n g  c e l l  performance were eva lua ted .  T h i r t e e n  series o f  runs  

were conducted wi th  vary ing  degrees  o f  success .  I n  g e n e r a l ,  e l e c t r o -  

chemical performance was s a t i s f a c t o r y .  Mechanical d e s i g n  problems, 

however, even tua l ly  caused t h e  t e rmina t ion  o f  each tes t  s e r i e s .  The 

l a s t  t e s t  s e r i e s  r e s u l t e d  i n  a complete f a i l u r e  of  t h e  f u e l  c e l l  

s t r u c t u r e  d u e  to  an i n t e r n a l  combuttion and f i r e .  R e s u l t s  of  t h e  t e s t  

program, an a n a l y s i s  of t hese  r e s u l t s  and conc lus ions  a r e  p re sen ted  

he r e  i n .  

A g r e a t  d e a l  of  fundamental in format ion  h a s  been ob ta ined  from 

t h e  t e s t  program. Boundary cond i t ions  and o p e r a t i o n a l  parameters  

have been determined t h a t  demonstrate  t h e  r e g e n e r a t i v e  H /O 
i s  f e a s i b l e  and p r a c t i c a l .  The re fo re ,  a new c e l l  w i l l  be designed 

inco rpora t ing  f e a t u r e s  found t o  be d e s i r a b l e  du r ing  t h i s  t e s t  

pe r iod .  Two of t hese  new c e l l s  w i l l  be f a b r i c a t e d  i n  the  next  

qua r t e r  and the t e s t  program resumed s h o r t l y  t h e r e a f t e r .  

concept  2 2  
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3 .  TECHNICAL DISCUSSION 

The major o b j e c t i v e  o f  t he  t h i r d  t a s k  of  t h e  program has been 

t o  t es t  and e v a l u a t e  the  f u e l  c e l l  assembly. T h i s  s e c t i o n  c o n t a i n s  the 

r e s u l t s  o f  a l l  such tests performed on t h e  u n i t .  Before  p r e s e n t i n g  

t h e s e  r e s u l t s ,  however, a b r i e f  review w i l l  be given o f  t he  assembly 

and i t s  components. 

3 . 1  D e s c r i p t i o n  o f  Fuel C e l l  

An assembly drawing o f  t h e  u n i t  i s  g iven  i n  F igu re  1 

and photos o f  same are  shown i n  F igu res  2 and 3 .  The f u e l  c e l l  

p o r t i o n  o f  t he  assembly c o n t a i n s  s i x  s e r i e s  connected c e l l s .  Both 

hydrogen and oxygen e l e c t r o d e s  a re  p l a t i n i z e d  porous n i c k e l  d i s c s  w i t h  

d iameter  o f  6 i nches  and th i ckness  of .022 inches .  Twenty-five 

p e r c e n t  KOH s o l u t i o n  i s  employed as  t h e  e l e c t r o l y t e  which i s  impregnated 

i n  s h e e t  asbestos; C e l l  sep3rn tc rs  (Flgiii-e 4 ) are  made o f  n i c k e l  

p l a t e d  magnesium and se rve  a t h r e e  f o l d  purpose. F i r s t ,  they  provide  

r eces sed  areas t o  c o n t a i n  the e l e c t r o d e s ;  second, they  provide  gas  

mani fo lds  and p o r t s  t o  t r a n s p o r t  t h e  gases  from t h e  gas  c o n t a i n e r s  t o  

t h e i r  r e s p e c t i v e  e l e c t r o d e s ,  and t h i r d ,  they  s e r v e  t o  connec t  

a d j a c e n t  cel ls  i n  series. The end plates of  the  c e l l  s t a c k  were also 

made of n i c k e l  p l a t e d  magnesium. B o l t s  are  passed through each  of t h e  

end p l a t e s  and s e p a r a t o r s  t o  provide  a means f o r  compressing t h e  ce l l  

stack. G a s  s t o r a g e  c o n t a i n e r s  are made of n i c k e l  p l a t e d  aluminum and 

form an i n t e g r a l  p a r t  o f  t h e  assembly. The gas  s t o r a g e  volume r a t i o  

i s  2/l(hydrogen and oxygen r e s p e c t i v e l y ) .  Cy l inde r  f l a n g e s  c o n t a i n  b o l t .  

41 10 -24 - 1 3 
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FIG. 2 FUEL CELL ASSEMBLY 
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FIG. 3 FUEL CELL ASSEMBLY PARTIALLY DISASSEMBLED 
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h o l e s  t o  compress "0" r i n g s  l o c a t e d  w i t h i n  each  f l a n g e  and thereby  

seal  both  h a l v e s  o f  t h e  assembly. P r e s s u r e  ba lance  between t h e  

hydrogen and oxygen g a s  chambers was accomplished by means o f  a 

rubber  diaphragm. T h i s  diaphragm would e i t h e r  expand o r  s h r i n k  i f  

a s l i g h t  d i f f e r e n t i a l  developed between t h e  two chambers and 

thereby  balance t h e  p r e s s u r e .  

The o r i g i n a l  c e l l  s p e c i f i c a t i o n s  c a l l e d  f o r  i s o t h e r m a l  

o p e r a t i o n ,  Therefore ,  tankage f o r  a h e a t  o f  f u s i o n  thermal  s t o r a g e  

mater ia l  ( s t e a r i c  a c i d )  was incorpora ted  i n t o  t h e  des ign .  T h i s  

tankage was made a n  i n t e g r a l  p a r t  o f  t h e  H2 and 0 

t h e  t e s t  program, the  d e s i r a b i l i t y  o f  u s i n g  s tear ic  a c i d  was found t o  

be q u e s t i o n a b l e ,  and i t  was e l i m i n a t e d .  

end p l a t e s .  During 2 

I n s t r u m e n t a t i o n  o f  t h e  u n i t  c o n s i s t e d  o f  thermocouple l e a d s  

t o  measure i n t e r n a l  tempera tures  and v o l t a g e s ,  a p r e s s u r e  t r a n s d u c e r  

and a v i s u a l  gauge f o r  i n t e r n a l  gas  p r e s s u r e ,  and f i n a l l y ,  a d i f f e r e n t i a l  

t ransducer  t o  monitor  p r e s s u r e s  between t h e  g a s  chambers. Continuous 

c y c l i n g  was c a r r i e d  o u t  by means of  a tandem r e c y c l e  t i m e r  which 

swi tches  from charge t o  d i s c h a r g e  a t  t h e  a p p r o p r i a t e  t i m e s .  Charge 

c u r r e n t  was s e t  on t h e  c o n s t a n t  c u r r e n t  power supply and d i s c h a r g e  

c u r r e n t  was s e t  by a r h e o s t a t .  A m u l t i p o i n t  r e c o r d e r  was employed 

t o  record  v o l t a g e  , c u r r e n t ,  temperature  and p r e s s u r e  d a t a  d u r i n g  

opera t i  on. 

3.2 Test and Evalua t ion  

This s e c t i o n  p r e s e n t s  t h e  r e s u l t s  and d i s c u s s i o n  o f  all 

tes ts  performed on t h e  f u e l  ce l l .  

3.2.1 I n s p e c t i o n  and Proof  T e s t i n g  

Cr i t i ca l  dimensions o f  all machined p a r t s  were 

checked and found t o  be w i t h i n  s p e c i f i e d  t o l e r a n c e s .  C o n t i n u i t y  o f  

a l l  g a s  p o r t s  w a s  checked v i s u a l l y  and by blowing a i r  through each 

p o r t .  C a r e f u l  i n s p e c t i o n  of  t h e  n i c k e l  pl .a t ing revea led  a few p i n  

4110 -24 - 1 8 
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h o l e s  which were subsequent ly  covered wi th  epoxy r e s i n .  

assembled wi th  t h e  two end p l a t e s  i n s i d e  t h e  gas  c y l i n d e r s  and 

h y d r o s t a t i c a l l y  proof t e s t e d  a t  500 ps ig .  Th i s  test c o n s i s t e d  o f  

f i l l i n g  t h e  u n i t  w i t h  water  and then  app ly ing  n i t r o g e n  gas  a t  500 p s i g  

f o r  112 hour. The u n i t  s u c c e s s f u l l y  wi ths tood  t h e  test w i t h  no 

deformat ion  o f  t h e  p a r t s .  

The u n i t  was 

3.2.2 Assembly and Start  UP 

Nicke l  gas  d i s t r i b u t i o n  s c r e e n s  and c a t a l y z e d  n i c k e l  

e l e c t r o d e s  were s p o t  welded t o  t h e  c e l l  s e p a r t o r s .  The e l e c t r o l y t e  

bed was prepared by adding  the  r e q u i r e d  amount o f  KOH s o l u t i o n  t o  the  

a s b e s t o s  d i s c s .  Next, t he  cel l  s t a c k  w a s  assembled, and compressed 

by t i g h t e n i n g  t h e  twelve i n s u l a t e d  b o l t s  on i t s  per iphery .  A to rque  

wrench was employed i n  t h i s  phase o f  t h e  assembly t o  o b t a i n  uniform 

compression. Gas p o r t s ,  l ead ing  t o  t h e  diaphragm p r e s s u r e  e q u a l i z e r  

w e r e  blocked o f f  f o r  i n i t i a l  t e s t s .  The complete c e l l  s t a c k  w a s  t h e n  

i n s t a l l e d  i n s i d e  t h e  gas  containment c y l i n d e r s .  I n s u l a t e d  b o l t s  on 

t h e  f l a n g e s  of t h e  gas  c y l i n d e r s  were uni formly  t i g h t e n e d ,  and t h e  

u n i t  w a s  r e a d i e d  f o r  test. 

Res idua l  a i r  w i t h i n  t h e  assembly was removed by a 

purg ing  process .  Th i s  process  c o n s i s t e d  of  repea ted  p r e s s u r i z a t i o n  

o f  t h e  c y l i n d e r s  w i t h  t h e i r  r e s p e c t i v e  g a s e s ,  and subsequent v e n t i n g  

t o  t h e  atmosphere. Gases were admi t t ed  t o  and r e l e a s e d  from t h e  

c y l i n d e r s  s imul t aneous ly ,  and s lowly,  u s i n g  need le  v a l v e s .  A d i f f e r e n -  

t i a l  p r e s s u r e  gage, connected a c r o s s  t h e  c e l l ,  w a s  employed t o  keep t h e  

d i f f e r e n t i a l  p r e s s u r e s  t o  a va lue  less than  1.0 p s i  d u r i n g  t h e  purg ing  

o p e r a t i o n .  A f t e r  completion of t h i s  o p e r a t i o n ,  t he  u n i t  was ready f o r  

e lec t r i  ca 1 t e s t i n g  . 

4 110 -24 -1 9 



3.2.3 Cycle  Tests 

T h i s  s e c t i o n  p r e s e n t s  t h e  r e s u l t s  and d i s c u s s i o n  o f  

a l l  c y c l e  t e s t s  conducted on t h e  u n i t .  A b r i e f  s u m m a r y  o f  each o f  

the  t e s t s  i s  g iven  i n  Table  1 and a more complete  d e s c r i p t i o n  i s  

g iven  below. 

3.2.3.1 Run No. 1 

The o b j e c t  o f  t h e  f i i - s t  c y c l e  t e s t  was t o  

e v a l u a t e  the f u n c t i o n a l i t y  of  t he  f u e l  c e l l  a s  i n s t a l l e d  w i t h i n  the  

assembly. 

mode of  ope ra t ion  desc r ibed  i n  the  2nd q u a r t e r l y  r e p o r t ,  A s  a 

pre l iminary  check o u t ,  t h e  u n i t  w a s  assembled w i t h  j u s t  one c e l l  u s ing  

one l a y e r  o f  nominal 0.070 inch  t h i c k  commercial a s b e s t o s  a s  the  

s e p a r a t o r .  The i n i t i a l  vo l t age -cu r ren t  and c e l l  impedance measurements 

i n d i c a t e d  a r e l a t i v e l y  h igh  i n t e r n a l  c e l l  r e s i s t a n c e  o f  0.035 ohms a t  

25OC. 

r e s i s t a n c e  w a s  reduced t o  t h e  a c c e p t a b l y  l o x  v a l u e  o f  0,008 ohms a t  

25OC. 

For  t h i s  purpl '3e ,  t he  u n i t  was run  i n  a "quasi-secondary" 
9: 

Improved e l e c t r i c a l  c o n t a c t s  were i n s t a l l e d  and t h e  s i n g l e  c e l l  

A t  67OC t h i s  becomes 0.003 ohms. 

Subsequent t e s t s  were c a r r i e d  o u t  w i t h  ,i-, 

c e l l s ,  using t h e  0.070" a sbes tos .  The impedance o f  t h e  complete 

assembly was 0.048 ohms a t  25OC. 

c h a r a c t e r i s t i c s  f o r  t he  6 - c e l l  u n i t  a r e  g iven  below. The charge  c y c l e  

was performed a t  d e s i g n  c u r r e n t  and d u r a t i o n ,  i.e., 9.6 amps f o r  76 

minutes.  However, due t o  t h e  low o p e r a t i n g  tempera ture  and reduced 

gas  p re s su re ,  the  d i s c h a r g e  cyc le  w a s  performed a t  below r a t e d  c u r r e n t  

f o r  a n  extended d u r a t i o n  t o  s imula t e  t h e  r a t e d  amp-hours. 

The i n i t i a l  charge-d ischarge  

J: 4110-QL-2, 18 Janua ry ,  1964, Pg. 11. 
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0 
Charge a t  9.6 amps w i t h  i n t e r n a l  tempera ture  nea r  50 C and 1 a t m  g a s  

p re s su re .  

Time V o l t s  

0 8.8 
20 9.8 
40 9.9 
60 10 .o 
76 10.1 

(min.) 

0 Discharge  a t  8 amps wi th  i n t e r n a l  tempera ture  n e a r  50 C and 100 p s i g  

gas  pressures :  

0 
2 5  
50 
7 5  
9 1  

4.8 
4.9 
4.9 
4.9 
4.9 

For subsequent c y c l e s  i t  was deemed a d v i s a b l e  t o  

begin  t e s t i n g  a t  o r  nea r  rated c o n d i t i o n s  i n  o r d e r  t o  e s t a b l i s h  whether 

o r  n o t  t h e  u n i t  would meet the d e s i g n  goa l s .  I n  t h e  nex t  c y c l e  i t  w a s  

t h e r e f o r e  dec ided  t o  i n c r e a s e  tempera ture  t o  6OoC and p r e s s u r e  t o  

15C! psig .  The finit wzs placed ~ r :  ~ a r i o r ; ~  l ~ a d s  (to 3G amps) ai i i iese 

c o n d i t i o n s ,  and i t  appeared t o  be f u n c t i o n i n g  p rope r ly .  During t h e  

cour se  of  a d j u s t i n g  the  gas  p re s su res  t o  a h i g h e r  l e v e l ,  a sudden 

n o i s e  was heard w i t h i n  the  u n i t ,  and t h e  hydrogen g a s  p r e s s u r e  w a s  

noted t o  i n c r e a s e  r a p i d l y  t o  10 p s i  above t h e  oxygen p r e s s u r e .  The 

u n i t  w a s  subsequent ly  turned  o f f ,  and t h e  gases  vented from t h e i r  

chambers . 
Disassembly and examination of  t h e  u n i t  r evea led  

s i g n s  o f  a minor combustion wi th in  t h e  g a s  chambers, i.e., t h e  metal 

s u r f a c e s  were s l i g h t l y  t a r n i s h e d ,  and a small amount o f  e l e c t r o l y t e  

had been expe l l ed  from the  ce l l  s t ack .  S ince  t h e r e  was no appa ren t  

damage, t he  s t a c k  was n o t  disassembled. 

It w a s  be l ieved  a t  t h e  t i m e  t h a t  t he  cause f o r  t h e  

above ma l func t ion  was a s s o c i a t e d  w i t h  t h e  mode o f  o p e r a t i o n  of t h e  

u n i t ,  i .e . ,  t h e  quasi-secondary mode of ope ra t ion .  I n  t h i s  p rocess  
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t h e  gases  a r e  suppl ied  manually from e x t e r n a l l y  loca t ed  c y l i n d e r s  

du r ing  d ischarge .  S p e c i f i c a l l y ,  i t  was be l i eved  t h a t  improper manual 

c o n t r o l  of  the gas p r e s s u r e s  caused mixing of t he  two g a s e s ,  and 

r e s u l t e d  i n  a thermochemical r e a c t i o n ,  the  i g n i t i o n  be ing  supp l i ed  b y  

e i t h e r  a n  i n t e r n a l  a r c  o r  by c o n t a c t  o f  t h e  g a s  mixture  wi th  the  

plat inum c a t a l y s t .  ( L a t e r  r e s u l t s  showed t h a t  t h e  gas  mixing w a s  due 

t o  the  type of a s b e s t o s  s e p a r a t o r  employed i n  t h i s  assembly.)  

The nex t  cyc le  was c a r r i e d  o u t  i n  the  same 

mode of  ope ra t ion ,  bu t  w i t h  the a d d i t i o n  o f  t h e  rubber  diaphragm to  t h e  

assembly. I t  was be l i eved  t h a t  t h e  use o f  the diaphragm would permi t  

b e c t e r  c o n t r o l  of gas  p r e s s u r e s  and thereby  p reven t  mixing.  Another 

reason  f o r  i n s t a l l i n g  the  diaphragm a t  t h i s  p o i n t  was t h a t  i f  the  next  

t es t  s e r i e s  proved s u c c e s s f u l ,  the  u n i t  could merely be sea led  o f f  

from the ex te rna l  gas  c y l i n d e r s  and run i n  the t r u e  secondary mode of  

ope ra t ion .  

t h i s  mode of o p e r a t i o n ) .  

(The diaphragm i s  an  i n t e g r a l  p a r t  o f  the  assembly f c r  

Subsequent c y c l e  t e s t i n g  i n d i c a t e d  1 i t t l e  

improvement i n  performance over  t h e  p rev ious  t e s t .  The maximum c u r r e n t  

€o r  r e l a t i v e l y  s t a b l e  v o l t a g e  w i t h i n  the  d e s i r e d  range  o f  3 .5  t o  4.5 

v o l t s  through the d i scha rge  per iod  was found t o  be i n  t h e  range o f  10 

t o  15  amperes. Three such c y c l e s  were c a r r i e d  o u t  over  a range o f  

temperatures  from 25 t o  65 C and gas  p r e s s u r e s  from I00 t o  150 ps ig .  
o 0 

3.2.3.2 Run No. 2 

I t  was decided t o  seal  o f f  the g a s  c y l i n d e r s  

and cont inue t e s t i n g  i n  t h e  t r u e  secondary,  i . e . ,  t he  r e g e n e r a t i v e  

mode of opera t ion .  Gas p r e s s u r e s  of  50 p s i g  were a p p l i e d  t o  the 

c y l i n d e r s  a t  the s t a r t  of the  f i r s t  cycle. The u n i t  was charged a t  a 

c o n s t a n t  cu r ren t  of 10.0 amps f o r  15 minutes .  Gas p r e s s u r e  inc reased  

l i n e a r l y  with t i m e  du r ing  t h e  charge t o  100 p s i g ,  and the  t e rmina l  

v o l t a g e  increased  g radua l ly  from 9 .0  v o l t s  t o  11.9 v o l t s .  The i n i t i a l .  

i n t e r n a l  temperature w a s  28  C and the  f i n a l  w a s  2 9 O C .  The u n i t  was 

then discharged a c r o s s  a f ixed  load.  The i n i t i a l  d i s c h a r g e  c h a r a c t e r i s -  

t i c s  were 4.5 v o l t s  a t  a c u r r e n t  of  10 a m p s ,  The performance g r a d u a l l y  

0 
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a 
1 

dec l ined  du r ing  the  cour se  of  the  d i scha rge  t o  the  i n i t i a l  p re s su re  

o f  50 p s i g  a t  which the  vo l t age  w a s  3.5 v o l t s  a t  a c u r r e n t  o f  5.8 

amps. I n t e r n a l  temperature  increased  from 29 t o  32.5 C d u r i n g  the  

d i scha rge .  The u n i t  w a s  then charged a t  10 amps f o r  a longe r  

pe r iod ,  i.e., 44 minutes .  F ina l  gas  p r e s s u r e  w a s  200 p s i g ,  t h e  

v o l t a g e  12.2 v o l t s ,  and the  temperature  34.5 C .  I n i t i a l  d i scha rge  

c h a r a c t e r i s t i c s  a f t e r  200 ps ig  l e v e l  were found t o  be s l i g h t l y  h ighe r  

t han  on the  prev ious  s h o r t  cyc le  (due most l i k e l y  t o  the  e l e v a t e d  

p r e s s u r e s ) .  However, performance g r a d u a l l y  d e c l i n e d  a s  b e f o r e  du r ing  

t h e  course  o f  t he  d i scha rge  per iod.  

0 

0 

Although the d i scha rge  performance w a s  s l i g h t l y  

h i s h e r  a& t h e  e l e v a t e d  p r e s s u r e , t h e  improvement was n o t  s u f f i c i e n t  t o  

m e c t  t he  des ign  g o a l s ,  i .e. ,  75 w a t t s .  I n  a d d i t i o n ,  the charge  

v o l t a g e  pe r  c e l l  was somewhat h ighe r  than  t h a t  which had been observed 

i n  s i n g l e  c e l l  tests. These obse rva t ions  poin ted  t o  t h e  p o s s i b i l i t y  

t h a t  t he  e l e c t r o d e s  had been contaminated d u r i n g  t h e  course  of  

handl ing  and t e s t i n g .  The d e c i s i o n  was t h e r e f o r e  made t o  d isassemble  

t h e  c e l l  s t a c k  and c l e a n  each of the  e l e c t r o d e s .  The c l e a n i n g  w a s  

carried o u t  by pass ing  b o i i i n g  d i s t i i l e d  wa te r  ove r  each u n t i l  t he  

f i l t r a t e  had a pH of  7 ,  u s ing  phenopthalein as  t h e  i n d i c a t o r .  The 

o ld  e l e c t r o l y t e  d i s c s  (KOH + asbes tos )  were d i s c a r d e d ,  and a new s e t  

w a s  prepared f o r  the  nex t  tests.  Thermocouple and v o l t a g e  probes 

were a l s o  i n s t a l l e d  i n  the  u n i t  f o r  the  fo l lowing  tests.  

3.2.3.3 Run No. 3 

Cycle  t e s t i n g  w a s  subsequent ly  cont inued  

w i t h  the  measurement of  i n d i v i d u a l  c e l l  v o l t a g e s  and tempera tures .  

During the  f i r s t  charge pe r iod ,  l a r g e  d i f f e r e n c e s  i n  c e l l  v o l t a g e s  were 

found, ranging  from 1.70 t o  2.20 v o l t s  a t  a c u r r e n t  o f  9.6 :..rips. T h i s  

r e s u l t  i n d i c a t e d  non-uniform e l ec t rodes .  A t  t h e  beginning o f  t h e  f i r s t  

d i scha rge  per iod  t h e r e  were a few i n t e r n a l  n o i s e s  heard s i m i l a r  t o  

Run. No. 1. I n  t h i s  c a s e ,  t he  n o i s e s  were loude r ,  and the  i n t e r n a l  

tempera ture  inc reased  r a p i d l y  from 30 C t o  60 C .  The u n i t  was turned 

o f f ,  and the  gases  were vented. 

0 0 
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Disassembly and i n s p e c t i o n  r evea led  t h a t  t h e  

bel lows had been completely burned,  and t h a t  t he  carbonaceous d e p o s i t s  

from same were spread throughout  t h e  tanks  and c e l l s .  I n  a d d i t i o n ,  i t  

was found t h a t  t h e  thermocouple wires a d j a c e n t  t o  the  be l lows  had been 

burned. The i n i t i a l  e x p l a n a t i o n  f o r  t h i s  ma1funct ion was t h a t  expansion 

of the b e 1 1 . 0 ~ ~  caused a s h o r t i n g  o f  two thermocouple wires (which a re  

a t t a c h e d  t o  a d j a c e n t  c e l l s )  r e s u l t i n g  i n  i g n i t i o n  and burn ing  o f  t he  

bel lows.  ( In  t h e  l i g h t  of  l a t e r  r e s u l t s ,  however, i t  i s  be l i eved  

t h a t  the  thermochemical r e a c t i o n  was s imply due t o  bulk-gas  mixing due 

t o  the  h igh  p o r o s i t y  of t h e  0.070" a s b e s t o s  and subsequent  i g n i t i o n  a t  

the  e l ec t rodes . )  

A t  t h i s  p o i n t  t h e  u n i t  was comple te ly  

disassembled,  and the  e l e c t r o d e s ,  a s  w e l l  a s  e l e c t r o l y t e  d i s c s  were 

d i sca rded .  Each o f  t h e  c e l l  s e p a r a t o r s  was thoroughly  c l eaned ,  a d  new 

e l e c t r o d e s  were i n s e r t e d  and s p o t  welded onto  t h e i r  r e s p e c t i v e  s i d e s  

o f  the  sepa ra to r s .  N e w  thermocouples were i n s t a l l e d  and e x t r a  care was 

taken i n  i n s u l a t i n g  and p o s i t i o n i n g  each  coup le  so a s  t o  c l ea r  the  

bellows. A new bel lows made o f  v i t o n  rubber  w a s  used a s  a replacement  

f o r  t he  previous one which had been made o f  b u t y l  rubber .  

The choice  o f  t h e  mater ia l  o f  c o n s t r u c t i o n  f o r  

the diaphragm i s  s u b j e c t  t o  d i s c u s s i o n .  Use of  b u t y l  rubber  was based 

upon i t s  proper ty  of having very  low g a s  pe rmeab i l i t y .  The p o s s i b i l i t y  

o f  ox ida t ion  of  t he  b u t y l  was n o t  over looked ,  and an  o x i d a t i o n  t e s t  w a s  

c a r r i e d  o u t  on a sample of t h e  material  a s  desc r ibed  i n  a p rev ious  

r e p o r t .  Resul t s  of  t h i s  t e s t  i n d i c a t e d  a v e r y  small amount o f  o x i d a t i o n  

o f  t h e  rubber had taken  p l a c e  over  t he  cour se  o f  one week. S ince  t h e  

t e s t  cond i t ions  were more severe  than  would be found i n  a c t u a l  c e l l  

o p e r a t i o n ,  i t  w a s  deemed s u i t a b l e  f o r  a t  l ea s t  the  p re l imina ry  t e s t  

pe r iod .  

s l  i g h t l y  d i f f e r e n t  c o n f i g u r a t i o n ,  which n e c e s s i t a t e d  m o d i f i c a t i o n  of 

one of  the end p l a t e s .  

The v i t o n  diaphragm was n o t  immediately employed because of  a 

4 110 -24 - 1 16 



8 
8 
1 
8 
I 
I 
B 
8 
8 
1 
1 
1 
1 
8 
8 
I 
8 
I 
8 

3.2.3.4 Run No. 4 

The u n i t  was a g a i n  reassembled,  and a n o t h e r  

c y c l e  t e s t  w a s  i n i t i a t e d .  I n i t i a l  r e s u l t s  o f  the  tes t  appeared very  

encouraging.  

and lower than on previous  r u n s ,  i .e.,  1 .72  t o  1.77 v o l t s  a t  8.0 

amps a t  room temperature .  The i n i t i a l  d i scha rge  c h a r a c t e r i s t i c s  

a l s o  appeared t o  be  very good a t  t h e  s tar t  o f  t h e  d i s c h a r g e  p e r i o d ,  

i . e . ,  the  i n i t i a l  v o l t a g e  and c u r r e n t  v a l u e s  w e r e  i n c r e a s i n g  r a p i d l y  

a s  the  i n t e r n a l  temperature  was inc reased .  Suddenly, however, 

a n o t h e r  thermochemical r e a c t i o n  occurred  w i t h i n  the  assembly. The 

d i a l  of  t h e  600 p s i g  p re s su re  gage mounted on the  c e l l  i n d i c a t e d  

> 600 ps ig .  I n  s p i t e  o f  t h i s  l a r g e  p r e s s u r e  i n c r e a s e ,  t h e r e  was no 

appa ren t  damage t o  the gas  c o n t a i n e r s  o r  f l anges .  The load was 

removed from t h e  c e l l  and the  r e s i d u a l  gases  vented  t o  the  atmosphere.  

Charge v o l t a g e s  of  each c e l l  were much more uniform 

Subsequent t e s t i n g  o f  t he  c e l l  s t a c k  wi th  

n i t rogen  revea led  that i t  could n o t  hold a p r e s s u r e  d i f f e r e n t i a l  

a c r o s s  the  two gas  c y l i n d e r s ,  i .e.,  gases  flowed r e a d i l y  a c r o s s  the  

c e l l  s t ack  upon a p p l i c a t i o n  of on ly  a f r a c t i o n  of a p s i  d i f f e r e n t i a l .  

Disassembly and examination of t he  u n i t  revea led  a crack  i n  the 

welded f l ange  of the. oxygen end p l a t e .  The oxygen end p l a t e  was 

r e p a i r e d  and a review o f  the  program w a s  c a r r i e d  o u t  a t  t h i s  t i m e  a s  

descr ibed  i n  t h e  next  s e c t i o n .  

3.2.3.5 In te r im Review 

A c r i t i c a l  review of  t h e  program w a s  c a r r i e d  

ou t  a t  the  end o f  t h e  above cycle .  The r e s u l t s  o f  t h i s  review 

i n d i c a t e d  the  source o f  a l l  of t h e  p rev ious  ma l func t ions  were 

a s s o c i a t e d  wi th  in te rmixing  of t h e  two gases .  This  mixing l e a d s  t o  

i g n i t i o n  v i a  t h e  e l e c t r o d e  c a t a l y s t s .  There appeared t o  be t h r e e  

p o s s i b l e  reasons  f o r  t h i s  mixing, i.e. , (a) t h e  t e f l o n  g a s k e t s  d i d  
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n o t  s e a l  between the  gas  p o r t s  (b) t h e  a s b e s t o s  m a t r i x  d i d  n o t  s e a l  

a t  i t s  per iphery  and (c) t h e  pe rmea t ion /d i f fus ion  ra te  through t h e  

a s b e s t o s  mat r ix  was h i g h e r  than  a n t i c i p a t e d .  

3 .2 .3 .6  Modi f i ca t ions  and Leak T e s t i n g  

Before proceeding w i t h  a n y  a d d i t i o n a l  

performance t e s t i n g ,  i t  was necessa ry  t o  l o c a t e  t h e  sou rce  o f  t h e  

i n t e r n a l  gas l e a k s .  When t h e  oxygen end p l a t e  had been r e p a i r e d , a  

series o f  leak tests were c a r r i e d  o u t  on t h e  assembly. The tests 

c o n s i s t e d  of app ly ing  a smal l  d i f f e r e n t i a l  p r e s s u r e  (1/2 p s i )  t o  one 

s i d e  of the  assembly and then checking f o r  l e a k s  o u t  of  t h e  g a s  

manifold with a s p e c i a l  d e t e r g e n t .  

The f i r s t  i t e m  t o  be examined was t h e  g a s k e t s .  

An i n i t i a l  a t t empt  was made t o  employ v i t o n  i n s t e a d  of  t e f l o n  gaske t s .  

This  approach was d i sca rded ,  however, when i t  w a s  found t h a t  t h e r e  

was excess ive  e x t r u s i o n  of  t he  v i t o n  g a s k e t s  upon compression o f  t he  

s t ack .  Next, i t  was decided t o  c o a t  t h e  s u r f a c e s  of t h e  t e f l o n  

g a s k e t s  with a n  a d d i t i o n a l  s e a l a n t .  An uncured v i t o n  compound was 

employed for  t h i s  purpose. Leak t e s t i n g  r evea led  no r e d u c t i o n  i n  t h e  

i n t e r n a l  leak r a t e .  Subsequently,  i t  w a s  dec ided  t o  employ a new 

se t  of  t e f l o n  gaske t s .  Leak t e s t i n g  a g a i n  r evea led  no r e d u c t i o n  i n  

t h e  i n t e r n a l  l eak  r a t e .  These f i r s t  two t e s t s  then  tended t o  

i n d i c a t e  t h a t  t h e  source o f  t h e  i n t e r n a l  l e a k s  w a s  n o t  a s s o c i a t e d  

w i t h  the  gaske ts .  

A subsequent l e a k  t es t  was c a r r i e d  o u t  w i t h  

on ly  one c e l l  i n s i d e  the  assembly, The compression on t h i s  c e l l  was 

inc reased  f o r  t h i s  tes t  by i n c r e a s i n g  t h e  to rque  on t h e  twelve b o l t s  

from 50 t o  90 inch  pounds. Again t h e r e  was found t o  be no r e d u c t i o n  

i n  the  leak r a t e .  Disassembly and examination of  t h e  c e l l  i n d i c a t e d  

t h a t  t he  a s b e s t o s  ma t r ix  had been p rope r ly  c e n t e r e d ,  and t h a t  i t s  

o u t e r  per iphery  ( s e a l i n g  su r face )  had been s e a t e d  v e r y  w e l l  a g a i n s t  

t h e  two end p l a t e s .  This  r e s u l t  then tended t o  i n d i c a t e  that t h e  

sou rce  o f  the i n t e r n a l  leakage  was n o t  a s s o c i a t e d  w i t h  t h e  s e a l i n g  

o f  t h e  a s b e s t o s  ma t r ix .  
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I n  the  n e x t  test  i t  was decided t o  e v a l u a t e  

a n o t h e r  type o f  a s b e s t o s  matrix.  

been employed w i t h  good r e s u l t s  on a p r e v i o u s  f u e l  c e l l  program 

(NAS 7-100). Since t h e  t h i c k n e s s  o f  t h i s  material (0.035") w a s  

h a l f  t h a t  o f  t h e  type  which had been employed p r e v i o u s l y ,  two 

l a y e r s  were employed i n  t h e  cel l .  Subsequent l e a k  t e s t i n g  revea led  

a complete s toppage o f  t h e  i n t e r n a l  l e a k s .  No l e a k s  were found a t  

d i f f e r e n t i a l  p r e s s u r e s  t o  5 psi .  

T h i s  o t h e r  type  o f  a s b e s t o s  had 

This l a t t e r  r e s u l t  i n d i c a t e d  t h a t  t h e  i n t e r n a l  

leakage w a s  due t o  d i f f u s i o n  of t h e  g a s e s  through t h e  a s b e s t o s  m a t r i x .  

It  w a s  t h e r e f o r e  decided t o  employ two l a y e r s  t o  t h i s  t h i n n e r  a s b e s t o s  

i n  each c e l l  f o r  subsequent t e s t s .  

3.2.3.7 Run No. 5 

The o b j e c t i v e  o f  t h i s  r u n  was two- 

f o l d .  F i r s t ,  i t  was d e s i r e d  to e v a l u a t e  performance w i t h  two l a y e r s  

o f  t h e  0.035" a s b e s t o s  matrix as d e s c r i b e d  i n  S e c t i o n  3 .3 .3 .6 .  

i t  w a s  d e s i r e d  t o  o b t a i n  f u r t h e r  in format ion  on i n t e r n a l  c e l l  opera-  

t i o n  u s i n g  a d i f f e r e n t i a l  p r e s s u r e  t ransducer .  

Second, 

_. 
'I'he f u e i  c e l l  s t a c k  w a s  completely 

reassembled f o r  t h e  next  t e s t .  A new set o f  e l e c t r o d e s  and two 

l a y e r s  o f  0.035" a s b e s t o s  were used. The d i f f e r e n t i a l  p r e s s u r e  

t r a n s d u c e r  was connected e x t e r n a l l y  t o  both  hydrogen and oxygen 

c o n t a i n e r s .  

The u n i t  w a s  cyc led  s e v e r a l  t i m e s  

a t  approximately 1/3 o f  t h e  designed d e p t h  o f  d i s c h a r g e .  

c o u r s e  o f  t h e s e  c y c l e s  a l i n e a r  i n c r e a s e  i n  hydrogen d i f f e r e n t i a l  

p r e s s u r e  was noted w i t h  s t a t e  of  charge.  

t h a t  t h e  volume occupied by the hydrogen w a s  less than  t h e  d e s i g n  

requi rements ,  i.e., less  than  two t i m e s  t h e  volume occupied by t h e  

oxygen. 

During t h e  

T h i s  r e s u l t  s i g n i f i e d  

A t  t h e  beginning  o f  t h e  d i s c h a r g e  

p o r t i o n  o f  t h e  s i x t h  c y c l e ,  the u n i t  w a s  s h u t  down and disassembled 

due t o  a n o t h e r  i n t e r n a l  i g n i t i o n .  
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A t t e n t i o n  w a s  now focused on the  

p o s s i b i l i t y  o f  p re s su re  imbalance being a major c o n t r i b u t i n g  f a c t o r  

t o  i n t e r n a l  i g n i t i o n .  I f  a l a r g e  d i sc repancy  e x i s t s  i n  the  r equ i r ed  

2 / 1  volume r a t i o ,  a h igh  p r e s s u r e  d i f f e r e n t i a l  could be developed 

caus ing  the gases  t o  mix v i a  flow through t h e  a s b e s t o s  ma t r ix .  The 

mixed gases  could then be i g n i t e d  by t h e  ca ta lys t s .  D i f f e r e n t i a l  

p re s su re  readings  i n  the  above run  i n d i c a t e d  excess  hydrogen p r e s s u r e  

t o  t h e  e x t e n t  of n e a r l y  1 p s i g  a t  a r e l a t i v e l y  low s t a t e  of  charge.  

At h i g h e r  s t a t e s  of  cha rge ,  t he  hydrogen d i f f e r e n t i a l  could be 

inc reased  to  such a n  e x t e n t  t h a t  flow a c r o s s  t h e  a s b e s t o s  m a t r i x  

could r e a d i l y  occur.  

A check was subsequent ly  made on 

t h e  o r i g i n a l  des ign  volume c a l c u l a t i o n  and t h e  e x i s t i n g  volumes. 

A discrepancy was found between the  two, and was a s s o c i a t e d  wi th  a 

des ign  change i n  the  bel lows,  n e g l e c t  of  volume i n s i d e  t h e  gas  p o r t s ,  

and small dimensional v a r i a t i o n s .  

3.2.3.8 Run No. 6 

The o b j e c t  of  t h i s  run  w a s  t o  t es t  

f u n c t i o n a l i t y  a f t e r  having a d j u s t e d  t h e  gas  volumes t o  the  proper  

r a t i o .  

a t t a c h e d  t o  a n  e x t e r n a l  f i t t i n g  of t h e  hydrogen tank  and t h e  u n i t  

cyc led  w i t h  measurement of d i f f e r e n t i a l  p re s su re .  The a d d i t i o n a l  

2 volume w a s  found t o  be i n s u f f i c i e n t  a s  i n d i c a t e d  by a p o s i t i v e  H 

d i f f e r e n t i a l  p re s su re .  Various s i zed  tanks  were then  added u n t i l  

t he  proper  volume r a t i o  was ob ta ined ,  a s  determined by  e s s e n t i a l l y  

no change i n  d i f f e r e n t i a l  p re s su re  throughout  t h e  cyc le .  

For t h i s  purpose a small s t e e l  c y l i n d e r  ( 8  in.3volume) w a s  

3.2.3.9 Run No. 7 
A f t e r  having  a d j u s t e d  the  gas  

volumes, i t  was decided t o  begin the  48  hour  cont inuous  c y c l e  t es t .  

The u n i t  was c a r r i e d  through two s h o r t  c y c l e s  and found t o  f u n c t i o n  

very  w e l l .  I t  was then  c a r r i e d  through a complete charge-d ischarge  

c y c l e  a t  t h e  r equ i r ed  c u r r e n t s  and c y c l e  t i m e s .  

o f  t h i s  t e s t  a l s o  i n d i c a t e d  favorable  performance, t h e  u n i t  was 

S ince  the  r e su l t s  
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placed  on au tomat i c  c y c l i n g  t o  begin  t h e  48 hour test. 

Performance o f  t h e  u n i t  d u r i n g  t h e  f i r s t  f i v e  

c y c l e s  i s  g iven  i n  F igu res  5 and 6 .  Electr ical  performance (F ig .  5 1 
i n d i c a t e s  a r e l a t i v e l y  cons t an t  charge  v o l t a g e  n e a r  9 . 6  v o l t s  d u r i n g  

charge  a t  9.6 amps and a r e l a t i v e l y  c o n s t a n t  d i s c h a r g e  v o l t a g e  a t  

4.5 v o l t s  a t  a c u r r e n t  o f  16.6 amps. The above performance m e t  t h e  

d e s i g n  g o a l s  o f  t h e  c o n t r a c t  i n  r ega rd  t o  v o l t a g e  and power ou tpu t .  

I n t e r n a l  tempera ture , (F ig .  6 ) (measured on t h e  hydrogen end p l a t e )  

i n d i c a t e d  a tempera ture  r i s e  dur ing  d i s c h a r g e  and a f a l l  d u r i n g  charge .  

T h i s  r e s u l t  can  be expla ined  by t h e  thermodynamics o f  t h e  hydrogen- 

oxygen r e a c t i o n .  During d i scha rge ,  t h e  u n i t  g e n e r a t e s  h e a t  from 

i n t e r n a l  p o l a r i z a t i o n  l o s s e s  a s  w e l l  a s  from t h e  e n t r o p y  change 

"TAS" o f  the  r e a c t i o n  f o r  t h e  format ion  of  water. During charge  

t h e  u n i t  g e n e r a t e s  a much smaller amount o f  h e a t  from p o l a r i z a t i c n  

l o s s e s  and abso rbs  h e a t  from the  en t ropy  change accompanying the 

decomposition of  water. 

t o  be 58OC a t  t h e  end o f  d i scha rge  and 54OC a t  t h e  end o f  charge .  

The "s teady  state" tempera ture  range appeared  

S m a l l  f l u c t u a t i o n s  o f  t h e  g a s  p r e s s u r e s  were noted 

throughout t h e  t h i r d ,  f o u r t h  and f i f t h  charge  and d i s c h a r g e  pe r iods .  

The magnitude o f  t h e  f l u c t u a t i o n s  were approximate ly  2 0.05 p s i .  

frequency of  t h e  f l u c t u a t i o n s  was r a t h e r  e r ra t ic .  I n d i v i d u a l  p u l s e s  

occurred  a t  one t o  two minute i n t e r v a l s  sometimes accompanied by a 

r a p i d  series of  pu lses .  A few i n s t a n t a n e o u s  f l u c t u a t i o n s  o f  > 0.05 p s i  

The 

e x c e s s  hydrogen p r e s s u r e  were a l s o  noted. No s i g n i f i c a n c e  could  be 

a t t r i b u t e d  t o  t h e s e  f l u c t u a t i o n s  a t  t h e  t i m e ,  save perhaps  some 

minute l o c a l  i g n i t i o n s  o f  gas m i x t u r e s  on t h e  e l e c t r o d e s .  Later tests 

showed t h i s  f l u c t u a t i o n  to be d u e  t o  i n s t r u m e n t a t i o n  no i se .  

A t  t h e  end o f  t h e  f i f t h  c y c l e  a n o t h e r  ma l func t ion  

occurred  w i t h i n  the  u n i t .  

and temperature r o s e  suddenly,  and t h e  d i s c h a r g e  v o l t a g e  and c u r r e n t  

s l o w l y  dropped t o  zero.  Disassembly and examination o f  t h e  u n i t  

r evea led  s i g n s  o f  a n o t h e r  i n t e r n a l  i g n i t i o n .  (See F ig .  7) 

A s l i g h t  n o i s e  w a s  hea rd ,  t h e  g a s  p r e s s u r e s  
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The p r e s s u r e  f l u c t u a t i o n s  were then  assumed t o  be 

i n d i c a t i o n s  o f  c e l l  i n s t a b i l i t i e s  and as  p r e c u r s o r s  t o  i g n i t i o n .  

However , t h i s  was shown t o  be i n c o r r e c t  i n  l a t e r  runs .  

3.2.3.10 Run No. 8 

Severa l  a d d i t i o n a l  mod i f i ca t ions  of  t h e  f u e l  

c e l l  were subsequent ly  c a r r i e d  ou t  i n  o rde r  t o  e l i m i n a t e  p o s s i b l e  

sources  of the  i n t e r n a l  i g n i t i o n .  F i r s t ,  i t  was decided t o  employ a 

f a b r i c  re inforced  rubber  bel lows f o r  added s t r e n g t h  i n  t h i s  c r i t i c a l  

a r e a .  An order  was subsequent ly  placed w i t h  a l o c a l  vendor t o  

f a b r i c a t e  a nylon r e i n f o r c e d  v i t o n  rubber  bel lows.  The vendor r epor t ed  

d i f f i c u l t y  i n  f a b r i c a t i n g  wi th  v i t o n  and suggested s i l i c o n e  rubber  

a s  an a l t e r n a t i v e .  A nylon r e in fo rced  s i l i c o n e  rubber  bel lows was 

subsequent ly  obtained and i n s t a l l e d  on the  assembly. 

A second change c o n s i s t e d  of  i n s t a l l i n g  a new 

s e t  of  hydrogen e l e c t r o d e s  which conta ined  on ly  plat inum as t h e  c a t a l y s t .  

P rev ious ly  these  e l e c t r o d e s  conta ined  a mixture  o f  bo th  p la t inum and 

pal ladium c a t a l y s t s .  The reason  f o r  t h i s  change w a s  based on the  h igh  

r e a c t i v i t y  of pal ladium i n  regard t o  i g n i t i o n  o f  hydrogen-oxygen mix tu res .  

I t  was reasoned t h a t  t h e r e  would be less l i k e l i h o o d  o f  a n o t h e r  i g n i t i o n  

wi thou t  palladium, should gas  mixing occur  w i t h i n  t h e  assembly. 

A t h i r d  and f i n a l  change c o n s i s t e d  o f  adding  

more e l e c t r o l y t e  t o  the  a s b e s t o s  m a t r i c e s  be fo re  assembly. The change 

corresponded t o  a n  i n c r e a s e  i n  the amount o f  e l e c t r o l y t e  from 0.6 t o  

0.7 gms. of 2% KOH s o l u t i o n  p e r  gram of d r y  a s b e s t o s .  The purpose o f  

t h i s  change was t o  i n s u r e  the  presence of s u f f i c i e n t  water w i t h i n  the  

m a t r i c e s  a t  f u l l  s t a t e  o f  cha rge , the reby  l i m i t i n g  t h e  ra te  o f  gas  

mixing through t h e  ma t r i ces .  When a l l  of t hese  m o d i f i c a t i o n s  had been 

completed,  t he  u n i t  w a s  readied  f o r  cyc le  t e s t i n g .  The u n i t  was found 

t o  func t ion  very w e l l  f o r  f i v e  cyc le s .  The power o u t p u t  du r ing  each 

of  the d ischarge  pe r iods  was i n  excess  o f  the  r equ i r ed  7 5  w a t t s ,  and 

the  charge vo l t age  was less than 10 v o l t s  f o r  each charge  pe r iod .  

During the  d i scha rge  p o r t i o n  o f  the  6 t h  c y c l e ,  however, a n  abnormal 

drop i n  vol tage ,  a r a p i d  p r e s s u r e  drop  and r ise  i n  i n t e r n a l  temperature  
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was noted.  During the  subsequent charge p e r i o d ,  a n  abnormally low 

charge vo l t age  w a s  a l s o  noted. These r e s u l t s  a l l  po in ted  to  the 

p r o b a b i l i t y  o f  an  i n t e r n a l  s h o r t  c i r c u i t  of  one of  the  c e l l s .  The 

u n i t  was subsequent ly  turned o f f  and disassembled.  I n s p e c t i o n  of 

t h e  c e l l  s t a c k  confirmed the presence  of  a sho r t ed  c e l l ,  f i r s t  by 

probing wi th  a n  ohmeter,  and second by v i s u a l  examinat ion.  The 

cause  f o r  t he  i n t e r n a l  s h o r t  was found t o  be a s s o c i a t e d  wi th  one of  

t h e  t e f l o n  gaske t s .  This  gasket  had been employed on previous  r u n s ,  

and had been deformed by cold flow t o  a t h i c k n e s s  of  2, 0.030". 

( N o r m a l  ga ske t  t h i ckness  i s  0.043"). 

3.2.3.11 Run No. 9 

A new set  of t e f l o n  g a s k e t s  was subsequent ly  

obta ined  from a l o c a l  vendor. I n s p e c t i o n  o f  t h i s  new se t  revea led  

small dimensional  dev ia t ions  from the  r equ i r ed  s p e c i f i c a t i o n s .  There 

w a s  t h e r e f o r e  some concern a s  to  whether t o  con t inue  t e s t i n g  wi th  

t h i s  new set  of gaske ts .  The g a s k e t s  were reworked, and i t  was 

dec ided  t o  a t t e m p t  a n o t h e r  tes t  run. 

I n  t h e  next  t es t ,  a n  i n t e r n a l  i g n i t i o n  

occurred du r ing  the  la t ter  p o r t i o n  of  the d i s c h a r g e  per iod  of the  

f i r s t  cyc le .  Disassembly and examinat ion o f  t h e  c e l l  s t a c k  r evea led  

the  source  of the i g n i t i o n  t o  be a s s o c i a t e d  w i t h  one o f  t he  new 

t e f l o n  gaske t s .  The gaske t  had been ex t ruded  t o  such a n  e x t e n t  i n  

the  i n i t i a l  assembly t h a t  t he re  w a s  a d i r e c t  opening between a 

hydrogen gas p o r t  and a n  oxygen e l e c t r o d e .  This l a t t e r  r e s u l t  

reaf f i rmed the  need f o r  main ta in ing  very  r i g i d  q u a l i t y  c o n t r o l  

ove r  a l l  m a t e r i a l s  used i n  the  assembly. A f t e r  a c a r e f u l  review,  

i t  was decided t o  change the g a s k e t  material from t e f l o n  t o  v i t o n .  

I t  was a n t i c i p a t e d  t h a t  t h i s  change would avo id  the  co ld  flow and 

r e s u l t a n t  problems a s soc ia t ed  wi th  the  t e f l o n .  
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3.2.3.12 Run No. 1 0  

A s  a r e s u l t  o f  t h e  t e f l o n  g a s k e t  f a i l u r e s  

d e s c r i b e d  above, a new s e r i e s  o f  t es t s  w a s  i n i t i a t e d  t o  e v a l u a t e  

performance w i t h  rubber  g a s k e t s  and d i f f e r e n t  grades  o f  a s b e s t o s .  

I n  a d d i t i o n ,  a n  assembly check l i s t  procedure was i n i t i a t e d  t o  

i n s u r e  c l o s e r  q u a l i t y  c o n t r o l  and t o  m a i n t a i n  a record  of  t he  

i n d i v i d u a l  s t e p s  taken  dur ing  the  assembly and checkout o f  t h e  c e l l  

s t a c k .  

One o f  the steps taken d u r i n g  t h e  assembly 

of t he  ce l l  ( t a k e n  as  a r e s u l t  of a s b e s t o s  leakage problems noted 

previously)  i s  t o  p r e s s u r i z e  t h e  c e l l  s t a c k  t o  112 p s i g  w i t h  one 

tank h a l f  l e f t  o f f .  Leakage, i f  a n y ,  through t h e  c e l l  s t a c k  c a n  

then  r e a d i l y  be determined by t h e  u s e  o f  a d e t e r g e n t  s o l u t i o n .  

The c e l l  s t a c k  w a s  found t o  have a small l e a k ,  a b o u t  one bubble per  

minute.  This ra te ,  a l though s m a l l  was deemed t o  be u n s a t i s f a c t o r y .  

Subsequent i n v e s t i g a t i o n  showed t h a t  t h e  leakage was n o t  through 

t h e  s t a c k ,  b u t  due t o  p i n  hole  l e a k s  i n  t h e  p e r i p h e r y  o f  c e r t a i n  

s e p a r a t o r  p l a t e s .  These l e a k s  were in t h e  epoxy p lugs  i n  t h e  

p e r i p h e r a l  d r i l l  h o l e s  used t o  feed t h e  g a s e s  from t h e  gas  mani fo lds  

t o  t h e  e l e c t r o d e s .  I t  i s  be l ieved  t h a t  t h e s e  l e a k s  were a major 

f a c t o r  i n  t h e  f a i l u r e s  o f  runs 5 and 7. 

This  t es t  was made u s i n g  v i t o n  rubber  g a s k e t s .  

Unfor tuna te ly ,  t he  g a s k e t s  used were a b o u t  0.010 inch t h i c k e r  than  

d e s i r e d ,  i . e . ,  0.053 inch.  This  r e q u i r e d  a m o d i f i c a t i o n  o f  t h e  

a s b e s t o s  matr ix  s e p a r a t o r  bed i n  o r d e r  t o  m a i n t a i n  a n  approximate 

714 compression r a t i o  on the  a s b e s t o s .  

of  t he  a d d i t i o n  o f  a t h i r d  l a y e r  of a s b e s t o s ,  0,020 i n c h  nominal 

t h i c k n e s s ,  between the  s tandard  two l a y e r s  of  0.035 inch nominal 

m a t e r i a l .  Other  m o d i f i c a t i o n s  made on t h i s  r u n  were a s  fol lows:  

The m o d i f i c a t i o n  c o n s i s t e d  

1. E l e c t r o l y t e / a s b e s t o s  weight: r a t i o  

increased  t o  0 .73 from 0.70. 
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2. C e l l  evacuated t o  20 inches  Hg (gauge) 

p r i o r  t o  purge. 

3 .  C e l l  charged f o r  a few minutes  a t  

ambient p r e s s u r e  p r i o r  t o  s t a r t i n g  run. 

R e s u l t s  o f  Run No.  10 (See  Fig. 8) were q u i t e  

encouraging i n  that  the  c e l l  ran f o r  abou t  36 hours  p r i o r  t o  a n  a p p a r e n t  

c e l l  deg rada t ion  problem. C e l l  performance w a s  n o t ,  however, t y p i c a l  

of t h a t  ach ieved  du r ing  p r i o r  t e s t i n g .  I n i t i a l l y ,  t h i s  w a s  a t t r i b u t e d  

t o  e l e c t r o d e  f lood ing  caused by t h e  h i g h e r  e l e c t r o l y t e  t o  a s b e s t o s  

r a t i o  used. However, subsequent d ry ing  o f  t he  e l e c t r o d e l a s b e s t o s  

m a t r i x  by e l e c t r o l y s i s  d i d  no t  s i g n i f i c a n t l y  improve performance. 

Ana lys i s  of  p e r m e a b i l i t y  d a t a ,  p l u s  d a t a  from t h e  fo l lowing  r u n ,  

i n d i c a t e  t h a t  t h e  0.020 inch  type a s b e s t o s  material used causes  

c o n c e n t r a t i o n  p o l a r i z a t i o n ,  due t o  a n  a p p a r e n t  dec rease  i n  p o r o s i t y  

and subsequent dec rease  i n  the a v a i l a b i l i t y  of OH-ions. 

Near t h e  end of  t h e  36 hour pe r iod ,  c e l l  

performance began t o  d e t e r i o r a t e  r a p i d l y  on d i s c h a r g e .  A r a p i d  

d e c l i n e  i n  c e l l  v o l t a g e  ind ica t ed  that a c e l l  reversal had occur red .  

Inasmuch as  such a c e l l  r e v e r s a l  could r e s u l t  i n  bu lk  g a s  mixing p l u s  

d ry ing  o u t  of t h e  a s b e s t o s  of t he  r eve r sed  c e l l ,  i t  w a s  dec ided  t o  

te rmina te  t h i s  run. No apparent  cause f o r  t he  c e l l  reversal was 

determined upon d i sassembly  of the ce l l .  

There a r e  b u t  t h r e e  p e r t i n e n t  causes  f o r  

c e l l  r e v e r s a l  i n  the  r egene ra t ive  H /O 
e l e c t r o d e s ,  e l e c t r o l y t e  contamination and g a s  p o r t  blockage. Each 

of these  f a c t o r s  was eva lua ted .  No gas  p o r t  blockage could  be 

determined. The e l e c t r o l y t e  was reana lyzed  and found t o  be w e l l  

w i t h i n  t o l e r a n c e .  T h i s  l e f t  e l e c t r o d e  contaminat ion  as  t h e  most 

l i k e l y  cause  of  r e v e r s a l .  Therefore ,  a new set  o f  e l e c t r o d e s  w a s  

prepared. 

ce l l .  These are poor 2 2  
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3.2 .3 .13  Run No. 11 

This run was made us ing  a new set of  e l e c t r o d e s .  

Due t o  the  problem i n  obta in ing  s u i t a b l e  v i t o n  g a s k e t s ,  i t  w a s  decided 

t o  u s e  s i l i c o n e  rubber  gaskets .  Here a g a i n ,  t he  i n a b i l i t y  of  the  

gaske t  material s u p p l i e r  t o  ho ld  t he  d e s i r e d  t o l e r a n c e  caused a 

change i n  assembly procedure,  This  t i m e ,  t he  g a s k e t s  were about  

0.048 i nches  t h i c k ,  aga in  causing a mod i f i ca t ion  i n  the  a s b e s t o s  

m a t r i x  used. 

r a t i o ,  two l a y e r s  o f  0.020" material and one of t h e  0.035" mater ia l  

were used. 

I n  o r d e r  t o  maintain a n  approximate 714 compression 

During t h e  i n i t i a l  c y c l e ,  a n  unusual v a r i a t i o n  

of  t he  p r e s s u r e  d i f f e r e n t i a l  i n  the  c e l l  w a s  noted.  It  appeared that 

t h e  p re s su re  d i f f e r e n t i a l  was a f u n c t i o n  of t h e  charge  o r  d i scha rge  

rate r a t h e r  than  a f u n c t i o n  of t i m e .  This  i s  i n d i c a t i v e  of  a n  

i n t e r n a l  l eak  i n t o  t h e  supposedly sea l ed  thermal  s t o r a g e  ( s t e a r i c  

a c i d )  c o n t a i n e r  compartments. A f t e r  1 c y c l e ,  t h e  c e l l  tanks  were 

disassembled and t h e  leakage  confirmed. 

a c i d  chamber was removed, and the  c e l l  reassembled. (No te - - s t ea r i c  

a c i d  had been removed from a l l  compartments p r i o r  t o  Run 10).  This  

process  e l imina ted  the  pressure  v a r i a t i o n  and the  run w a s  cont inued .  

The p lug  s e a l i n g  t h e  s t e a r i c  

C e l l  performance w a s  poor d u r i n g  t h i s  run 

on both charge and d i scha rge .  By i n t r o d u c i n g  gases  from e x t e r n a l  

sou rces  and d i scha rg ing  t h e  c e l l ,  thus  i n  e f f e c t  adding  water, t he  

c e l l  performance du r ing  charge could be improved s l i g h t l y .  This  

i n d i c a t e d  t h a t  e l e c t r o l y t e  migra t ion  from the  a s b e s t o s  t o  t h e  

e l e c t r o d e s  was being impeded. 

w i t h  l i t t l e  s i g n i f i c a n t  improvement, t he  run  w a s  t e rmina ted .  

A f t e r  abou t  10 hours  o f  o p e r a t i o n  

3.2.3.14 Run No. 12 

Run 1 2  w a s  i n i t i a t e d  u s i n g  s i l i c o n e  g a s k e t s  

from t h e  same ba tch  a s  Run 11. Ins t ead  of u s ing  t h e  0.020 inch  

material, however, two l a y e r s  o f  0.035 material were used. A t  t he  

s tandard  c e l l  s t a c k  torque  of 40 i nch  pounds, however, t h e s e  materials 

d i d  no t  g i v e  a 714 compression r a t i o  on t h e  a s b e s t o s  because of  
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o v e r s i z e  gaske ts .  During t h e  f i r s t  charge c y c l e  i t  was noted t h a t  

a minor pressure  d i f f e r e n t i a l  b u i l t  up then  decreased  t o  z e r o .  

This  i n d i c a t e d  t h a t  t h e  c e l l  s t a c k  was l e a k i n g ,  I n  a d d i t i o n ,  

upon a t tempt ing  t o  d i s c h a r g e  t h e  c e l l ,  v e r y  poor performance was 

obta ined .  

The c e l l  tanks  were vented , disassembled , 
and t h e  s t ack  l e a k  checked. I t  was r e a d i l y  a p p a r e n t  t h a t  a t  t h e  

h i g h e r  s t a t e  of charge ,  i . e . ,  when less  w a t e r  was i n  t h e  a s b e s t o s ,  

t h e  c e l l  would l e a k  a c r o s s  t h e  s t a c k .  By f u r t h e r  compressing t h e  

s t a c k  t o  75 inch  pounds b o l r  to rque ,  i . e . ,  i n c r e a s i n g  t h e  a s b e s t o s  

compres s ion ,  t h e  l e a k  was stopped. 

Although the  l e a k  was s topped ,  subsequent  

performance d i d  n o t  improve upon reassembly. Pre l iminary  d i s c h a r g e  

t e s t s  i n d i c a t e d  t h a t  a c e l l  r e v e r s a l  had occurred.  Upon d isassembly ,  

two c e l l s  were found t o  have r e v e r s e d .  

Voltage probes o f  t he  c e l l  s t a c k  a f t e r  

disassembly revea led  t h e  reversed  c e l l s  were l o c a t e d  on the  e x t r e m i t i e s  

o f  t h e  s t a c k ,  i . e . ,  c e l l s  number 1 and 6 .  F u r t h e r  i n s p e c t i o n  revea led  

t h a t  t h e  hydrogen e l e c t r o d e  of  t he  H end p l a t e  had been i n a d v e r t e n t l y  

i n s e r t e d  with i t s  smooth s u r f a c e  a d j a c e n t  t o  t h e  e l e c t r o l y t e  m a t r i x ,  

whereas the smooth s u r f a c e  had p r e v i o u s l y  been placed a d j a c e n t  t o  t h e  

s e p a r a t o r  on a l l  previous runs .  (Although t h e  porous n i c k e l  e l e c t r o d e s  

a r e  supposedly homogenous throughout ,  one s u r f a c e  a p p e a r s  s l i g h t l y  

smoother than  t h e  o the r . )  A series of tests was then conducted on 

t h e  H end p l a t e  e l e c t r o d e  t o  determine t h e  mode of  f a i l u r e .  It 

was a g a i n  determined t h a t  t h e  e l e c t r o l y t e  and g a s  p o r t s  were n o t  the 

cause  o f  the c e l l  r e v e r s a l .  Br ie f  runs u s i n g  t h e  end p l a t e s  a s  a 

s i n g l e  ce l l  showed t h a t  c o n c e n t r a t i o n  p o l a r i z a t i o n  s e v e r e l y  l i m i t e d  

t h e  c u r r e n t  t h a t  could be obta ined .  By repea ted  washing o f  t h e  end 

p l a t e  e l e c t r o d e s  i n  a c e t o n e  and b o i l i n g  d i s t i l l e d  water a l o n g  w i t h  

c o r r e c t i n g  t h e  reversed  e l e c t r o d e  p o s i t i o n ,  some improvement i n  p e r -  

formance was noted. However, t h i s  performance level was s t i l l  less  

2 

2 
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than t h a t  r equ i r ed .  

p a r t i a l l y  a t t r i b u t e d  t o  reverse  placement o f  H e l e c t r o d e .  I n s p e c t i o n  

and t e s t  of t he  o t h e r  reversed  c e l l  e l e c t r o d e s  gave no i n d i c a t i o n  a s  

t o  t h e  p o s s i b l e  cause  of r e v e r s a l .  

Reversal of  the  H2 end p l a t e  c e l l  was t h e r e f o r e  

2 

3.2.3.15 Run N o .  13 

Before con t inu ing  wi th  c y c l e  t e s t s ,  i t  w a s  

deemed a d v i s a b l e  t o  i n s t a l l  another  se t  o f  e l e c t r o d e s  i n  the  reversed  

c e l l s .  The 6 c e l l  u n i t  was subsequent ly  reassembled wi th  these  e l e c t r o d e s  

rep laced  and r ead ied  f o r  t e s t ,  For this run ,  i t  was decided to  check 

t h e  performance a t  a 60 w a t t  l e v e l  f o r  a n  e i g h t  hour pe r iod .  I f  

performance w a s  found t o  be s a t i s f a c t o r y ,  a n o t h e r  a t t e m p t  w a s  t o  be 

made t o  complete the 48 hour cont inuous c y c l e  t es t  a t  the 75 w a t t  l e v e l .  

I n  o r d e r  t o  minimize t h e  p o s s i b i l i t y  of  c e l l  r e v e r s a l ,  i t  was deemed 

a d v i s a b l e  t o  h e a t  t h e  u n i t  t o  the nominal 70 C o p e r a t i n g  temperature  

b e f o r e  s t a r t i n g  c y c l e  tests. A small e l e c t r i c  h e a t e r  w a s  t h e r e f o r e  

placed a d j a c e n t  t o  the  ce l l .  Cycle t e s t i n g  w a s  i n i t i a t e d  when the  

i n t e r n a l  tempera ture  was nea r  60 C.  

0 

0 

The resul ts  o f  t h i s  t es t  are  g iven  i n  

F igu re  15. Performance appeared t o  be s a t i s f a c t o r y  du r ing  t h e  f i r s t  

f e w  c y c l e s ,  i . e . ,  1 2  amp. d i scha rge  a t  5 v o l t s .  A t  t h e  s t a r t  o f  the  

f o u r t h  d i scha rge  per iod  wi th  i n t e r n a l  p r e s s u r e  nea r  300 p s i g ,  and tempera-  

t u r e  near  70 C ano the r  i g n i t i o n  occurred.  This  i g n i t i o n  w a s  much more 

seve re  than any of the o t h e r s  i n  t h a t  t h e  gases  escaped e x t e r n a l l y  and 

the  magnesium 0 end p l a t e  i gn i t ed .  The door  o f  t he  t es t  chamber w a s  

a l s o  blown open du r ing  the  process  (See F ig .  17 ) .  The subsequent 

magnesium f i r e  w a s  ex t inguished  w i t h  t h e  a i d  o f  chemical f i r e  

e x t i n g u i s h e r s .  Disassembly and i n s p e c t i o n  o f  t he  u n i t  r evea led  seve re  

damage t o  t h e  end plates and tanks (See Figs .  18, 1 9 ,  and 20). 

0 

2 

Review o f  a l l  assembly and o p e r a t i n g  r eco rds  

f o r  t h i s  run a s  w e l l  a s  a thorough i n s p e c t i o n  o f  t h e  u n i t  revea led  t h e  

most probable  mode o f  f a i l u r e .  A s h o r t  s e c t i o n  of mylon tub ing  was 

employed on the  H l e g  of  t h e  d i f f e r e n t i a l  p r e s s u r e  t r ansduce r  i n s t e a d  

of  copper o r  s tee l  due t o  t h e  n e c e s s i t y  o f  i n s u l a t i n g  the  two c e l l  
2 
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FIG. 15 

PERFORMANCE OF UNIT 
IN RUN NO. 13 

FIG. 16 

PERFORMANCE OF UNIT 
IN RUN NO. 13 
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FIG. 17 FUEL CELL IN TEST CHAMBER AFTER EXPLOSION 
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F I G .  18 OXYGEN END PLATE AFTER EXPLOSION 

41 10-24-1 36 

I 
I 
1 
I 
1 
I 
I 
I 
1 
1 

I 
I 
1 
I 
I 
I 
1 
I 

m 



8 
I 
I 
I 
I 

FIG. 19 GAS TANKS AFTER EXPLOSION 
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F I G .  20 ELECTRODE SEPARATOR ASSEMBLY AFTER EXPLOSION 
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ha lves .  Although t h i s  nylon tub ing  has a c o n s i d e r a b l y  h i g h e r  b u r s t  

s t r e n g t h  than  t h e  o p e r a t i n g  c e l l  p r e s s u r e ,  i t  i s  be l i eved  t o  have 

f a i l e d  due t o  ove rhea t ing  by the  e x t e r n a l  h e a t e r .  The f a i l u r e  of  

t h i s  t ub ing  would have suddenly r e l e a s e d  hydrogen , caus ing  a n  e x c e s s i v e  

i n t e r n a l  oxygen d i f f e r e n t i a l ,  and subsequent mixing and i g n i t i o n .  

3 . 3  P e r m e a b i l i t y  S t u d i e s  

The a s b e s t o s  m a t r i x  i s  a ve ry  c r i t i c a l  component o f  t h e  f u e l  

c e l l  assembly. I t s  f u n c t i o n  is  twofold (a) t o  s e r v e  as  a water s t o r a g e  

r e s e r v o i r  and ( b )  t o  p reven t  mixing o f  t h e  hydrogen and oxygen gases  

through the  c e l l  s t a c k .  I n  the e a r l y  s t a g e s  o f  t h e  t e s t  program 

(see Sec. 3.2.3.6) i t  was found t h a t  t h e  type of  a s b e s t o s  which had 

been employed d i d  n o t  e f f e c t i v e l y  s e p a r a t e  t h e  two gases .  A simple 

l e a k  t e s t  r evea led  bulk  gas  flow through t h e  material (impregnated 

w i t h  t h e  a p p r o p r i a t e  amount of e l e c t r o l y t e )  upon a p p l i c a t i o n  of  o n l y  

a f r a c t i o n  o f  a p s i  gas  p re s su re .  This permeable grade  o f  a s b e s t o s  

w a s  undoubtedly a s s o c i a t e d  w i t h  some of  t h e  i n t e r n a l  i g n i t i o n  problems 

i n  t h e  f i r s t  few runs .  Replacement o f  t h i s  a s b e s t o s  w i t h  two l a y e r s  

of  a n o t h e r  grade  revea led  much g r e a t e r  r e s i s t a n c e  t o  gas  flow. 

The above r e s u l t s  pointed t o  t h e  need f o r  ma in ta in ing  v e r y  

r i g i d  c o n t r o l  ove r  t he  type of a s b e s t o s  t o  be employed w i t h i n  the  c e l l .  

I n  o r d e r  t o  carry o u t  t h i s  c o n t r o l  i t  w a s  necessa ry  t o  d e v i s e  a tes t  

procedure  f o r  measuring r e s i s t a n c e  of t h e  a s b e s t o s  t o  gas  flow. Such a 

tes t  w a s  devised  and employed t o  measure the  p e r m e a b i l i t y  of  v a r i o u s  

g rades  and t h i c k n e s s  of  a s b e s t o s  s tock .  

3.3.1 Procedure 

T e s t  c o n d i t i o n s  s imula ted  those  which a r e  employed 

i n  a c t u a l  f u e l  c e l l  ope ra t ion .  A d i s c  ( o r  d i s c s )  o f  the  a s b e s t o s  

materials was f i r s t  c u t  t o  a d i a m e t e r  o f  6 1/4 inches ,and  t h e n  

impregnated w i t h  25 pe rcen t  potassium hydroxide  s o l u t i o n .  

o f  s o l u t i o n  was he ld  cons t an t  a t  0.6 gms per  gram o f  d r y  a s b e s t o s  

i n  t h e  i n i t i a l  set  o f  r u n s ,  but w a s  l a t e r  v a r i e d  i n  o r d e r  t o  t es t  t h e  

e f f e c t  o f  t h i s  parameter.  A f t e r  impregnat ion ,  t he  d i s c  was a l lowed t o  

The amount 
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e q u i l i b r a t e  i n  a po lye thylene  bag f o r  a t  l ea s t  1/2 hour i n  o r d e r  t o  

i n s u r e  uniform d i s t r i b u t i o n  of t h e  e l e c t r o l y t e  throughout  t h e  d i s c .  

Next ,  t h e  a s b e s t o s  d i s c  w a s  i n s t a l l e d  i n  a s imula ted  s i n g l e  c e l l  which 

c o n s i s t e d  of two c i r c u l a r  s tee l  p l a t e s  w i t h  t h e  a p p r o p r i a t e  g a s  p o r t s  

and e l e c t r o d e  areas. Compression of t he  a s b e s t o s  was c a r r i e d  o u t  by 

t i g h t e n i n g  e i g h t  e q u a l l y  spaced b o l t s  which passed through the  

pe r iphe ry  of t h e  s t e e l  p l a t e s .  The amount of compression was h e l d  

cons t an t  i n  most o f  t h e  runs  a t  such a level  t h a t  t h e  f i n a l  t h i c k n e s s  

was 4/7 o f  the i n i t i a l  a s b e s t o s  th i ckness .  For  example,  i f  two l a y e r s  

o f  .035" a s b e s t o s  were t o  be employed, the  f i n a l  t h i ckness  would be 

4 / 7  X .070" o r  .040", and the  compression would be ,030". Metal s p a c e r s  

o f  the  a p p r o p r i a t e  t h i ckness  were p laced  between the  p l a t e s  i n  o r d e r  t o  

o b t a i n  the  d e s i r e d  compression. 

Hydrogen gas  was a p p l i e d  t o  one s i d e  o f  the  c e l l ,  and 

t h e  e x i t  t u b e  from the  o t h e r  s i d e  was p laced  under  a column of  water 

i n  a n  inve r t ed  graduate .  Gas p r e s s u r e s  were inc reased  i n  increments  o f  

1 o r  2 p s i ,  and t h e  s y s t e m  al lowed t o  s tand f o r  approximate ly  10 minutes  

a t  each s e t t i n g .  The p r e s s u r e  a t  which i n i t i a l  flow w a s  observed was 

noted ( t h e  ' 'break through" p res su re )  and t h e  flow r a t e  a t  v a r i o u s  

p r e s s u r e s  beyond t h i s  p o i n t  were measured v i a  d isp lacement  o f  water w i t h  

t i m e .  Five types  of  a s b e s t o s  were eva lua ted  i n  t h i s  t e s t  ser ies  a s  

f 0 1 1 ow s : 

1. Johns Manvil le  Asbes tos  0.020" t h i c k  

0.035" t h i c k  2. 

0.O60" t h i c k  3 .  
1 1  I I  I I  0.060" t h i c k  4 .  

5. Unknown s u p p l i e r  0.060" t h i c k  

There i s  no f u r t h e r  d a t a  on any of  the  above materials excep t  for  

nominal chemical composi t ions a s  fol lows:  

I 1  1 1  I 1  

I 1  I I  I 1  

Binder  < 3  k 
I g n i t i o n  LOSS $ 
Asbes tos  3 5 ,  k 
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3.3.2 R e s u l t s  and Discussion 

R e s u l t s  of the p e r m e a b i l i t y  s t u d i e s  a r e  g iven  i n  

F igu res  2 1  through 25 . A s  would be suspec ted ,  t h e  gas  flow r a t e  i s  

a p p r e c i a b l y  reduced a s  t h e  number of l a y e r s  o f  a s b e s t o s  i s  inc reased .  

For example, i n  F igu re  2 1 ,  i t  is noted t h a t  w i th  t h e  0.020'' a s b e s t o s  

a t  10 p s i ,  t he  flow rate is  decreased from 52 c . c . / h r .  t o  2 c.c. /hr.  

( e x t r a p o l a t e d  v a l u e ) ,  a s  t h e  number of  l a y e r s  i s  inc reased  from 2 t o  

4 r e s p e c t i v e l y .  The re fo re ,  i n  doubl ing  the  number o f  l a y e r s ,  one 

o b t a i n s  a 26 f o l d  dec rease  i n  flow rate.  

It  should be poin ted  o u t  t h a t  t h e r e  i s  a s i g n i f i c a n t  

d i f f e r e n c e  i n  t h e  pe rmeab i l i t y  c h a r a c t e r i s t i c s  o f  each of  t h e  types  o f  

a s b e s t o s .  No conc lus ion  can be drawn a t  t h i s  t i m e  as  t o  t h e  cause  of  

t h e s e  d i f f e r e n c e s .  However, p inholes  , b i n d e r  c o n t e n t  , and precompres- 

s i o n  due t o  m i l l  p rocesses  a r e  be l i eved  t o  be v a r i a b l e s .  

Pe rmeab i l i t y  i s  a l s o  a s t r o n g  f u n c t i o n  of  e l e c t r o l y t e  

con ten t .  I n s p e c t i o n  of  F igu re25  r e v e a l s  a sha rp  i n c r e a s e  i n  gas  

flow a s  the  e l e c t r o l y t e  con ten t  i s  decreased  from 0 . 5  t o  0.4 gms of  

25 p e r c e n t  KOH p e r  gram of  d ry  a s b e s t o s .  

Experimentally.  a t  a 0.4 r a t i o ,  hydrogen permeates 

r a p i d l y  a t  low p r e s s u r e  l e v e l s , t h e n  a p p a r e n t l y  t h e  a s b e s t o s  po res  beg in  

t o  p lug  up, i n c r e a s i n g  the flow impedance. Data p o i n t s  a r e  t h e r e f o r e  

q u i t e  errat ic ,  a l though  a f t e r  p lugging ,  t h e  same type o f  curve  a s  t h a t  

f o r  t he  0 .5  and 0.7 r a t i o  c u r v e s  i s  appa ren t .  (Not shown, i n  order 

t o  s i m p l i f y  t h e  graph are  t h e  0.6 r a t i o  d a t a .  These l i e  midway between 

t h e  0.5 and 0.7 r a t i o  cu rves ) .  The s i g n i f i c a n c e  o f  t h e  a p p a r e n t  change 

i n  s l o p e  o f  t h e  cu rves  nea r  t h e  200 cc/min. l e a k  ra te  h a s  n o t  been 

determined. 

These r e s u l t s  a r e  ve ry  s i g n i f i c a n t  i n  t h a t  they  p l a c e  

a l i m i t  on t h e  e l ec t rochemica l  c a p a c i t y  of t h e  f u e l  c e l l  f o r  a g iven  

grade  and t h i c k n e s s  o f  a sbes tos .  Th i s  l a t t e r  conc lus ion  i s  based on 

the  f a c t  t h a t  t h e  amp-hr. c a p a c i t y  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  

water c o n t e n t  ( 3  a-h/gm) which i n  t u r n  i s  p r o p o r t i o n a l  t o  t h e  e l e c t r o l y t e  

con ten t .  
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An a d d i t i o n a l  parameter c u r r e n t l y  under i n v e s t i g a t i o n  

i s  t h a t  o f  the amount of compression. These r e s u l t s  w i l l  be presented  

i n  t h e  next  q u a r t e r l y  r e p o r t .  I n  conc1usion,  i t  may be s t a t e d  t h a t  

t h e s e  r e s u l t s  have proved v e r y  u s e f u l  i n  i n t e r p r e t i n g  p a s t  performance 

of  t h e  c e l l ,  and w i l l  be o f  s i g n i f i c a n t  v a l u e  i n  c a r r y i n g  o u t  f u t u r e  

tes ts .  
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4 .  ANALYSIS OF RESULTS 
The tes t  program t o  d a t e  has  y i e lded  s i g n i f i c a n t  r e s u l t s .  Modes 

o f  f a i l u r e  n o t  p rev ious ly  exh ib i t ed  w i t h  t h i s  type o f  c e l l ,  have 

r e p e a t e d l y  been demonstrated.  

b e t t e r  unders tanding  of  t h e  ope ra t ing  parameters  has been o b t a i n e d .  

S i x  c r i t i c a l  f a c t o r s  n o t  p rev ious ly  understood have been d e f i n e d ,  and 

des ign  c r i t e r i a  e s t a b l i s h e d .  These being: 

A g r e a t  d e a l  of  i n fo rma t ion  and a much 

a.  Asbes tos  type requirements.  

b.  Asbes tos  compression requi rements .  

c. E l e c t r o l y t e  requirements.  

d .  Gas p o r t  requirements.  

e. Sepa ra to r  seal requirements.  

f. Opera t iona l  procedures. 

Each of  t hese  f a c t o r s  a r e  d iscussed  i n  the  fo l lowing  s e c t i o n s .  

4.1 Asbes tos  Type Requirements 

A s  a r e s u l t  of t h e  thermochemical f a i l u r e s  and poor performance 

e x h i b i t e d  by t h e  0.070" and 0.020" a s b e s t o s  m a t e r i a l s ,  i t  i s  r e a d i l y  

a p p a r e n t  that a n  a s b e s t o s  material m u s t  be c a r e f u l l y  chosen. Highly 

porous materials (such a s  t h e  0.070") l e a d  t o  mixing and subsequent 

r e a c t i o n .  Low p o r o s i t y  m a t e r i a l s  cause c o n c e n t r a t i o n  p o l a r i z a t i o n  

and r e s u l t  i n  poor performance. 

R e s u l t s  t o  d a t e  i n d i c a t e  t h a t  a m u l t i l a y e r  a s b e s t o s  of  medium 

p o r o s i t y ,  i .e. , similar t o  t h e  0.035" material w i l l  p rovide  adequa te  

performance , s t o r a g e  c a p a b i l i t y  and e f f e c t i v e l y  prevent  gas  mixing. 

(The term e f f e c t i v e ,  a s  used here ,  i s  d e f i n e d  a s  t h e  p reven t ion  of  

bu lk  mixing. G a s  d i f f u s i o n ,  however, w i l l  occur.  Such d i f f u s i o n  

mixing w i l l  on ly  r e s u l t  i n  minor chemical recombination and forma t i o n  

o f  water a t  t he  e l e c t r o d e . )  
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Two c a n d i d a t e  materials appear  u s e f u l  a t  t h i s  t i m e .  These 

a r e  t h e  0.035'' commercial and 0.060" e l e c t r o l y t i c  grades  of  a s b e s t o s .  

I t  i s  a n t i c i p a t e d  t h a t  o t h e r  t h i c k n e s s e s  o f  tne e l e c t r o l y t i c  grade 

m a t e r i a l  w i l l  a l s o  be s u i t a b l e .  These o t h e r  t h i c k n e s s e s  w i l l  be 

eva lua ted  i n  the n e a r  f u t u r e .  

P r i o r  t o  the p r e s e n t  program, v a r i o u s  mater ia ls  such a s  

polypropylene, pure a s b e s t o s ,  and v a r i o u s  f e l t  materials were 

eva lua ted .  A l l  of t h e s e  were e l i m i n a t e d  due t o  poor chemical  

s t a b i l i t y ,  lack o f  w e t  s t r e n g t h  o r  poor e l e c t r o l y t e  r e t e n t i o n  

c h a r a c t e r i s t i c s .  Although o t h e r  absorbent  porous p r o d u c t s  might be 

s u i t a b l e ,  f u t u r e  work w i l l  be l i m i t e d  t o  a s b e s t o s .  

4 .2  Asbestos Compression Requirements 

I n  o r d e r  t o  prevent  leakage through any o f  t h e  e l e c t r o l y t e  

r e t e n t i o n  m a t e r i a l s  t e s t e d  t o  d a t e ,  a c e r t a i n  compression o f  t he  

material i s  requi red .  A s  a r e s u l t  o f  prev ious  t e s t s ,  a 714 compression 

r a t i o  appeared t o  be a s a t i s f a c t o r y  value.  Above t h i s  r a t i o ,  e l e c t r o l y t e  

i s  squeezed ou t  o f  t he  s e p a r a t o r  m a t e r i a l  and i n t o  t h e  e l e c t r o d e  area.  

T h i s  tends to f lood t h e  e l e c t r o d e .  Below t h i s  r a t i o ,  g a s  leakage 

o c c u r s ,  a s  was evidenced by Run N o .  12. 

Fur ther  t e s t i n g  of  t h i s  f a c t o r ,  i n  o r d e r  t o  determine 

a l l o w a b l e  to le rance  on t h e  714 r a t i o ,  i s  p r e s e n t l y  underway. 

4 .3  E lec t  ro 1 y t e  Requirements 

Optimum c o n d u c t i v i t y  o f  aqueous s o l u t i o n s  of  KOH occur  a t  

roughly 30 weight percent  KOH. I t  i s  t h e r e f o r e  r e a d i l y  a p p a r e n t  t h a t  

t h i s  v a l u e  r e p r e s e n t s  a d e s i r a b l e  c o n c e n t r a t i o n .  S ince  t h e  r e g e n e r a t i v e  

mode of  opera t ion  used i n  t h e  EOS des ign  r e q u i r e s  t h e  removal and 

a d d i t i o n  of water from t h e  e l e c t r o l y t e  a s  a f u n c t i o n  o f  charge and 

d i s c h a r g e ,  a 30 p e r c e n t  c o n c e n t r a t i o n  cannot  be  he ld  c o n s t a n t .  However, 

t h e  v a r i a t i o n  i n  c o n c e n t r a t i o n  can be such a s  t o  minimize t h e  change 

i n  conduct iv i ty .  

t h e  c o n c e n t r a t i o n  a t  f u l l  s t a t e  of  charge becomes N 3%. Therefore ,  

o n l y  minor changes i n  c e l l  impedance occur  a s  a f u n c t i o n  o f  s t a t e  o f  

charge.  

By m a i n t a i n i n g  a n  i n i t i a l  c o n c e n t r a t i o n  o f  M 2% KOH, 
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The q u a n t i t y  of e l e c t r o l y t e  i s  the  o t h e r  impor tan t  requi rement .  

I f  i n s u f f i c i e n t  e l e c t r o l y t e  i s  i n i t i a l l y  charged i n t o  t h e  a s b e s t o s  

m a t r i x ,  gas leakage w i l l  occur.  Converse ly ,  too much e l e c t r o l y t e  w i l l  

cause e l e c t r o d e  f looding .  

commercial a s b e s t o s ,  i n d i c a t e  that a 0.7/1 i n i t i a l  weight  r a t i o  o f  

e l e c t r o l y t e  t o  a s b e s t o s  i s  optimum. A t  f u l l  s t a t e  o f  charge  ( f o r  a 

750 n.m. o r b i t )  t h i s  r e s u l t s  i n  a n z 0 . 5 1 1  r a t i o ,  which i s  q u i t e  

s a t i s f a c t o r y  t o  p reven t  gas  mixing. For h i g h e r  o r b i t s ,  i .e . ,  those  

r e q u i r i n g  longer  d i scha rge  times and l a r g e r  c a p a c i t i e s  , a d d i t i o n a l  

layers of a s b e s t o s  w i l l  be requi red  i n  o r d e r  t o  m a i n t a i n  the  0.5/1 

f i n a l  r a t i o .  

T e s t s  conducted t o  d a t e ,  u s i n g  0.035" 

4 .4  Gas P o r t  Requirements 

During t h e  tes t  program, t h e r e  were i n d i c a t i o n s  that 
2 100-150 m a / c m  r ep resen ted  a l i m i t i n g  c u r r e n t  d e n s i t y .  It  i s  be l i eved  

t h a t  t h i s  l i m i t  w a s  imposed by i n s u f f i c i e n t  gas  p o r t  area,  i n  e f f e c t  

s t a r v i n g  t h e  e l e c t r o d e s ,  r e s u l t i n g  i n  extreme c o n c e n t r a t i o n  p o l a r i z a -  

t i o n .  A new gas  p o r t  d e s i g n  i s  be ing  prepared which w i l l  both i n c r e a s e  

t h e  gas  p o r t  area,  and b e t t e r  d i s t r i b u t e  t h e  flow o f  gas .  

4.5 Separator Seal Requirements 

Two f a i l u r e s  could  be d i r e c t l y  a t t r i b u t e d  t o  gaske t  and 

sea l  problems. I n  a d d i t i o n ,  u n s a t i s f a c t o r y  t o l e r a n c e s  on rubber  

g a s k e t s  c o n t r i b u t e d  t o  two o the r  f a i l u r e s .  The re fo re ,  a new type o f  

seal ,  e l i m i n a t i n g  e x t r u s i o n ,  cold flow and c r i t i c a l  d imens iona l  

t o l e r a n c e s  h a s  been des igned .  

rubbe r  compression seal i n t e g r a l  w i th  t h e  s e p a r a t o r  p l a t e s .  I n s u l a t i o n  

and c e l l  spac ing  w i l l  be accomplished us ing  a r i g i d  f l a t  p l a t e  s p a c e r  

w i t h  a p p r o p r i a t e  p o r t s  and b o l t  ho le s .  

4 . 6  Opera t iona l  Procedures 

This  d e s i g n  i n c o r p o r a t e s  a cont inuous  

During i n i t i a l  t e s t i n g  of t h e  c e l l ,  a v a r i e t y  of  assembly 

and s tar t  up procedures were used. A s  exper ienced  w i t h  t h e  c e l l  

developed, i t  became appa ren t  t h a t  a s t anda rd ized  procedure w a s  

r equ i r ed .  The re fo re ,  a d e t a i l e d  check o f f  l i s t  w a s  p repared  l i s t i n g  

t h e  assembly and checkout s t eps .  I n  a d d i t i o n  t o  improving q u a l i t y  
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c o n t r o l ,  the  check o f f  l i s t  c o n t a i n s  p r o v i s i o n s  f o r  r eco rd ing  d a t a  

on dimensions and weights  which might be c r i t i c a l .  

Operat ional  procedures  du r ing  performance tes t  a re  no t  a s  

y e t  clear c u t .  P rov i s ions  have been made f o r  au tomat ic  c y c l i n g ,  b u t  

i t  i s  ev ident  t h a t  moni tor ing  of  t h e  u n i t  by t e c h n i c a l  personnel  w i l l  

be r equ i r ed  u n t i l  r e l i a b i l i t y  i s  improved. 
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5. CONCLUSIONS 

R e s u l t s  t o  d a t e  have been both good and bad. R e l i a b i l i t y  obvious ly  

However, performance on both  charge  r e q u i r e s  c o n s i d e r a b l e  improvement. 

and d i scha rge  h a s  been q u i t e  s a t i s f a c t o r y  when t h e  c e l l  i s  o p e r a t i n g  

p rope r ly .  Most impor tan t  though i s  the f a c t  that no fundamental 

problem h a s  a r i s e n  t h a t  cannot  be overcome by eng inee r ing  improvements. 

F u r t h e r ,  impor tan t  advantages  o f  t h e  H /O r e g e n e r a t i v e  system s t i l l  

remain v a l i d .  

can  be e a s i l y  determined by a simple p re s su re  measurement (b) t h e  

b a t t e r y  can  be thermal ly  s t e r i l i z e d  (c) h i g h e r  energy  t o  weight  r a t i o s  

a s  compared t o  convent iona l  secondary b a t t e r i e s  can be achieved and 

(d) they  have p o t e n t i a l l y  longer  c y c l e  l i f e  s i n c e  no s o l i d  material 

s o l u t i o n  and d e p o s i t i o n  s t e p s  a r e  r equ i r ed  a s  w i t h  convent iona l  

secondary b a t t e r i e s .  

2 2  
These inc lude  (a)  the  s t a t e  o f  charge  of t he  b a t t e r y  
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6 .  PLANS FOR THE NEXT QUARTER 

Revis ion of t he  des ign  parameters  o f  t h e  t e s t  model have been 

proposed and approved. Design parameters  t h a t  w i l l  be modif ied 

inc lude  

a .  Sepa ra to r  gaske t .  ' 

b. E l imina t ion  o f  s t ea r i c  acid tankage. 

c.  I n c r e a s e  s i z e  o f  gas  p o r t s .  

d.  Increase c e l l  s t a c k  b o l t  d iameter .  

e .  Use of  m e t a l l i c  p re s su re  ba l anc ing  diaphragm. 

f .  E l imina te  p l a s t i c  tubing.  

g. E l imina te  magnesium i n  c r i t i c a l  e x t e r n a l  s t r u c t u r a l  

p o r t i o n s  o f  t he  c e l l .  

h. Improve f l ange  "0" r i n g  des ign .  

Separa tor  gaske t  d e s i g n  has  been ana lyzed  i n  g r e a t  d e t a i l  i n  

l i g h t  of  the gaske t  q u a l i t y  c o n t r o l  problems t h a t  have occurred  d u r i n g  

the  program. Two f a c t o r s  have been noted a s  major problem areas;  

these  be ing  gaske t  t h i ckness  and gaske t  e x t r u s i o n .  These problems 

have been d iscussed  w i t h  the  Parker  S e a l  Company, and a n  e x c e l l e n t  

s o l u t i o n  determined. This  s o l u t i o n  invo lves  the  use  o f  a Parker  

Sea l  c a l l e d  a "Gask-0-Seal." I n  e s sence ,  i t  i s  a n  "0" r i n g  type seal  

conta ined  on i t s  i n n e r  and o u t e r  d i ame te r s  by a metal  o r  p l a s t i c  p l a t e .  

With t h i s  type s ea l ,  gaske t  e x t r u s i o n  i s  p reven ted ,  s e a l i n g  i s  

accomplished, s e p a r a t o r  spac ing  and thus  g a s k e t  compression w i l l  be 

more uniform and q u a l i t y  c o n t r o l  more a s s u r e d .  

S t e a r i c  a c i d  and i t s  tankage caused a number o f  probl.ems d u r i n g  

the  t e s t  program, and has  been suspec ted  o f  contaminat ion  of t h e  

e l e c t r o d e s  r e s u l t i n g  i n  c e l l  r e v e r s a l .  S ince  the thermal  s t o r a g e  

s e c t i o n  o f  the follow-on program h a s  been dropped,  a l l  f e a t u r e s  o f  

t h i s  phase can be e l i m i n a t e d ,  g r e a t l y  improving the  r e l i a b i l i t y  o f  

the system. 
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Modif ica t ion  o f  t h e  g a s  p o r t  d e s i g n  i s  d e s i r a b l e  f o r  two reasons:  

f i r s t ,  due t o  gas  d i s t r i b u t i o n ,  and second,  due t o  p o t e n t i a l  gas  l e a k s .  

The p r e s e n t  d e s i g n  u t i l i z e s  d r i l l e d  h o l e s  from t h e  gas  manifold t o  the  

gas  d i s t r i b u t i o n  screen .  Due t o  weight  c o n s t r a i n t s ,  caus ing  s e p a r a t o r  

t h i c k n e s s  c o n s t r a i n t s ,  the diameter  of  t h e s e  h o l e s  a r e  n o t  cons idered  

adequate  f o r  good gas  flow. I n  a d d i t i o n ,  t h e  d r i l l  h o l e s ,  which 

extend t o  the  o u t e r  per iphery  of t h e  s e p a r a t o r  p l a t e  a re  s u b j e c t  t o  

leakage. This  leakage i s  s t r o n g l y  be l ieved  t o  be a major c o n t r i b u t i n g  

cause o f  t he  thermo-chemical r e a c t i o n s  o c c u r r i n g  d u r i n g  t h e  i n i t i a l  

t e s t i n g  . 
I n c r e a s i n g  t h e  c e l l  s t a c k  b o l t  d iameter  i s  d e s i r a b l e  from two 

s tandpoin ts ;  i t  a l l o w s  us  t o  use s t a i n l e s s  s t ee l  b o l t s  i n  p l a c e  o f  t h e  

less  c o r r o s i o n  r e s i s t a n t  4130 b o l t s  p r e s e n t l y  u s e d ,  and i t  w i l l  r e s u l t  

i n  a l a r g e r  g a s k e t  s e a l i n g  a r e a .  

10-28 b o l t s  w i l l  be s a t i s f a c t o r y .  

A 1/4-28 b o l t  i n  p l a c e  o f  t h e  p r e s e n t  

An improved p r e s s u r e  balancing diaphragm i s  a prime n e c e s s i t y .  

I t  has  been r e a d i l y  a p p a r e n t  t h a t  volume unbalance and thus  p r e s s u r e  

unbalance can e a s i l y  occur  a s  the v a r i a b l e s  of t h e  c e l l  s t a c k  a r e  

changed. The p r e s e n t  rubber  diaphragm volume i s  inadequate  t o  cover  

the  volume imbalances encountered. I n  a d d i t i o n ,  dur ing  t h e  development 

t e s t i n g ,  a rubber  diaphragm may be subjec ted  t o  c o n d i t i o n s  beyond i t s  

stress l i m i t s ,  r e s u l t i n g  i n  f a i l u r e  and a thermochemical r e a c t i o n .  A 

f l e x i b l e  s t a i n l e s s  s tee l  bellows w i l l  remedy most of  t h i s  problem. 

Such a bel lows can  be f a b r i c a t e d ,  and i s  commercially a v a i l a b l e .  

I t s  c h a r a c t e r i s t i c s  are such t h a t  a s i g n i f i c a n t  volume change can be 

obta ined  w i t h  a r e l a t i v e l y  small p r e s s u r e  d i f f e r e n t i a l .  F u r t h e r  , 
a d e s i g n  i n c o r p o r a t i n g  two diaphragms would be even more s u i t a b l e .  

E l imina t ion  o f  a l l  p l a s t i c  p r e s s u r e  t u b i n g  from the  tes t  environment 

w i l l  e l i m i n a t e  a r e p e t i t i o n  of the type o f  f a i l u r e  which damaged t h e  

75 w a t t  t e s t  model. 

The f a i l u r e  mode of  t h e  75 w a t t  model i n d i c a t e d  a s e r i o u s  d e s i g n  

d e f i c i e n c y .  By us ing  a magnesium p l a t e  ex tending  between the tank 

f l a n g e s  a s  the  c e l l  s t a c k  gas  s e a l  and p o s i t i o n e r ,  the c e l l  c o n t a i n e r  
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pres su re  i n t e g r i t y  was compromised. F u r t h e r ,  t he  p l a t e  weld i s  s u b j e c t  

t o  leakage a s  occurred du r ing  one tes t .  Th i s  f e a t u r e  can  q u i t e  r e a d i l y  

be e l imina ted  by improved des ign .  

The "0" r i n g  des ign  used on the  tank f l a n g e s  of  the 7 5  w a t t  u n i t  

w a s  inadequate .  Th i s  can be r e a d i l y  remedied by e i t h e r  u s i n g  a Gask-0- 

Sea l  type des ign ,  o r  a n  improved recessed  "0" r i n g  gland des ign .  

I n  a d d i t i o n  t o  improvements i n  a r edes ign  o f  a nominal 75  w a t t  u n i t ,  

a 6 inch  e l e c t r o d e  d iameter  s i n g l e  c e l l  u n i t  w i l l  be f a b r i c a t e d .  Th i s  

c e l l  w i l l  b e  used f o r  a number o f  purposes ,  inc luding:  

a .  S ing le  c e l l  t e s t  i n  a secondary mode f o r  a 48 hour 

per iod  a t  10-15 w a t t  l e v e l .  

b. Screen m u l t i - c e l l  e l e c t r o d e s  p r i o r  t o  u s e  t o  p reven t  

c e l l  r e v e r s a l  problems. 

c .  Asbes tos  m a t r i x  e v a l u a t i o n  

The c e l l  des ign  w i l l  i nc lude  i n t e r n a l  tankage and w i l l  be s u i t a b l y  

instrumented . 

4 110 -24 -1 52 



Modif ica t ion  o f  t he  gas  po r t  d e s i g n  i s  d e s i r a b l e  f o r  two reasons:  

f i r s t ,  due t o  gas  d i s t r i b u t i o n ,  and second, due t o  p o t e n t i a l  gas  l e a k s .  

The p r e s e n t  d e s i g n  u t i l i z e s  d r i l l e d  h o l e s  from t h e  gas  manifold t o  the  

gas d i s t r i b u t i o n  screen .  Due to  weight c o n s t r a i n t s ,  c a u s i n g  s e p a r a t o r  

t h i c k n e s s  c o n s t r a i n t s  , t he  diameter  of  t h e s e  h o l e s  a r e  n o t  cons idered  

adequate  f o r  good gas  flow. I n  a d d i t i o n ,  t h e  d r i l l  h o l e s ,  which 

ex tend  t o  the  o u t e r  per iphery  of t h e  s e p a r a t o r  p l a t e  are s u b j e c t  t o  

leakage. This  leakage i s  s t r o n g l y  be l ieved  t o  be a major c o n t r i b u t i n g  

cause o f  t he  thermo-chemical r e a c t i o n s  o c c u r r i n g  d u r i n g  t h e  i n i t i a l  

t e s t i n g .  

I n c r e a s i n g  t h e  c e l l  s t a c k  b o l t  diameter  i s  d e s i r a b l e  from two 

s tandpoin ts ;  i t  a l l o w s  u s  t o  use s t a i n l e s s  s t ee l  b o l t s  i n  p l a c e  of  t h e  

less c o r r o s i o n  r e s i s t a n t  4130 b o l t s  p r e s e n t l y  used,  and i t  w i l l  r e s u l t  

i n  a l a r g e r  g a s k e t  s e a l i n g  a r e a .  

10-28 b o l t s  w i l l  be s a t i s f a c t o r y .  

A 1/4-28 b o l t  i n  p l a c e  o f  t h e  p r e s e n t  

An improved p r e s s u r e  balancing diaphragm i s  a prime n e c e s s i t y .  

It has  been r e a d i l y  a p p a r e n t  t h a t  volume unbalance and thus  p r e s s u r e  

unbalance can e a s i l y  occur  as  the v a r i a b l e s  of  t he  c e l l  s t a c k  a r e  

changed. The p r e s e n t  rubber  diaphragm volume i s  inadequate  t o  cover  

t h e  volume imbalances encountered. I n  a d d i t i o n ,  d u r i n g  t h e  development 

t e s t i n g ,  a rubber  diaphragm may be subjec ted  t o  c o n d i t i o n s  beyond i t s  

stress l i m i t s ,  r e s u l t i n g  i n  f a i l u r e  and a thermochemical r e a c t i o n .  A 

f l e x i b l e  s t a i n l e s s  s tee l  bellows w i l l  remedy most of  t h i s  problem. 

Such a bellows can be f a b r i c a t e d ,  and i s  commercially a v a i l a b l e .  

I t s  c h a r a c t e r i s t i c s  a re  such t h a t  a s i g n i f i c a n t  volume change can be 

obta ined  wi th  a r e l a t i v e l y  small p r e s s u r e  d i f f e r e n t i a l .  F u r t h e r ,  

a d e s i g n  i n c o r p o r a t i n g  two diaphragms would be even more s u i t a b l e .  

E l imina t ion  o f  a l l  p l a s t i c  p r e s s u r e  t u b i n g  from the  test  environment 

w i l l  e l i m i n a t e  a r e p e t i t i o n  of t he  type o f  f a i l u r e  which damaged t h e  

75  w a t t  tes t  model. 

The f a i l u r e  mode of t h e  75 w a t t  model i n d i c a t e d  a s e r i o u s  d e s i g n  

d e f i c i e n c y .  By us ing  a magnesium p l a t e  ex tending  between the tank 

f l a n g e s  a s  the  c e l l  s t a c k  gas  seal  and p o s i t i o n e r ,  t h e  c e l l  c o n t a i n e r  
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pres su re  i n t e g r i t y  was compromised. F u r t h e r ,  t he  p l a t e  weld i s  s u b j e c t  

t o  leakage a s  occurred d u r i n g  one t e s t .  This  f e a t u r e  can  q u i t e  r e a d i l y  

be e l imina ted  by improved des ign .  

The "0" r i n g  des ign  used on the  tank f l anges  o f  the  75 w a t t  u n i t  

was inadequate .  

Sea l  type des ign ,  o r  a n  improved recessed  "0" r i n g  gland des ign .  

This  can  be r e a d i l y  remedied by e i t h e r  u s i n g  a Gask-0- 

I n  a d d i t i o n  t o  improvements i n  a r edes ign  o f  a nominal 75 w a t t  u n i t ,  

a 6 inch e l e c t r o d e  d i ame te r  s i n g l e  c e l l  u n i t  w i l l  be f a b r i c a t e d .  Th i s  

ce l l  w i l l  be used f o r  a number o f  purposes ,  inc luding:  

a .  S ing le  c e l l  t e s t  i n  a secondary mode f o r  a 48 hour 

per iod  a t  10-15 w a t t  l eve l .  

b. Screen m u l t i - c e l l  e l e c t r o d e s  p r i o r  t o  u s e  t o  p reven t  

c e l l  r e v e r s a l  problems. 

c .  Asbes tos  m a t r i x  e v a l u a t i o n  

The c e l l  des ign  will i nc lude  i n t e r n a l  tankage and w i l l  be s u i t a b l y  

instrumented . 
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